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Abstract 
The reversible methylation of cytosine residues in DNA makes an important contribution to 
the epigenetic regulation of gene expression in many organisms. In plants, perturbation of 
DNA methylation causes a wide spectrum of phenotypic abnormalities, including an 
alteration of flowering time. 
There are a number of DNA methyltransferases in Arabidopsis tha/iana. Arabidopsis plants 
were transformed with silencing constructs against the methyltransferase METIi. These 
plants did not show a significant decrease in global, CG or CNG methylation levels and 
had no morphological phenotypic abnormalities, yet they flowered significantly earlier than 
wild type plants. The extent of the promotion of flowering in METIi transgenic lines 
correlated with the level of reduction in METIi expression. Unlike MET/ antisense plants, in 
which flowering is promoted by a decrease in expression of the MADS-box transcription 
factor FLC, METIi transgenic plants did not have any detectable change in FLC 
expression. Instead, early flowering in a METIi transgenic line was correlated with up-
regulation of several genes involved in photosynthesis. Together, these results suggested 
that METIi methylates highly specific sequences and that it may regulate the expression of 
either photosynthetic genes or an upstream regulator of these genes. 
Demethylation of DNA in the Arabidopsis C24 ecotype caused by an antisense construct 
against the MET/ methyltransferase also promotes flowering. However, demethylation of 
DNA caused by mutation of the DECREASE IN ONA METHYLATION (DDM1) gene in the 
Columbia ecotype delays flowering. Backcrossing the anti-methyltransferase (AMT) line 
V 
and ddm 1 mutant into Landsberg erecta lines containing dominant alleles of the floral 
repressor FLC showed that like AMT, ddm1 was also able to down-regulate FLC 
expression. As the single-copy gene FWA was not demethylated in the ddm 1 plants, this 
suggests that down-regulation of FLC expression is likely to involve repeat sequence 
demethylation and may occur via an effect on chromatin structure, rather than as a result 
of single copy sequence demethylation. 
Interactions between vernalisation, gibberellic acid (GA) and demethylation of DNA in the 
promotion of flowering in the C24 ecotype were investigated by crossing the GA non-
responsive mutant gai to MET/ antisense plants. GA non-responsive F1 plants responded 
to vernalisation, consistent with GA and vernalisation promoting flowering via separate 
pathways. Demethylation mainly promoted flowering via an FLC-dependent, GA-
independent pathway. However, gai partly blocked the demethylation-induced promotion 
of flowering, suggesting that dernethylation might also promote flowering via a GA-
dependent pathway. 
VI 
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Chapter 1: General Introduction 
1. 1 DNA methylation 
Methylation of cytosine residues within a DNA sequence enables an increase in the 
amount of information held by that sequence without altering the base composition. DNA 
methylation has been implicated as playing a role in a diverse array of functions including 
regulation of gene expression, gene silencing, imprinting, X-chromosome inactivation and 
genome defence, in bacteria, plants and animals. In humans, abnormalities in DNA 
methylation have been implicated in cancer, immunodeficiency diseases and mental 
retardation, demonstrating the importance of DNA methylation in development (reviewed 
in Jones and Takai, 2001 ). 
DNA methylation is one of several phenomena broadly grouped under the banner of 
"epigenetics", a concept which defines a heritable but potentially reversible change in gene 
expression (reviewed in Lewin, 1998). Historically, DNA methylation has usually been 
.. 
correlated with a reduction in gene expression (reviewed in Jost and Saluz, 1993). In the 
past decade, this simple correlation has been greatly extended and DNA methylation has 
been identified as one of many players involved in a complex system of interacting factors 
that cause alterations to the higher order structure of chromatin and concomitant changes 
in levels of gene transcription. However, the precise nature of the contribution of DNA 
methylation to the molecular mechanisms of transcriptional regulation is yet to be 
co~pletez_ elucidated and is currently the object of intensive study. 
1 
1.2 Frequency and sites of DNA methylation 
Levels and sites of DNA methylation vary enormously among different organisms. In 
mammals, about 2-7 % of cytosines are methylated (Razin and Riggs, 1980), with most of 
this methylation occurring within CG dinucleotides (Bird , 1986). In general, plants have 
much higher levels of DNA methylation than mammals. The level of methylation depends 
on the species, ranging from 5-6 % mC in Arabidopsis thaliana (Leutwiler et al. , 1984; 
Kakutani et al. , 1999) to 33 % in rye (Thomas and Sherratt, 1956). Methylation of plant 
DNA occurs within many different sequence contexts; the majority occurs at CG sites, but 
CNG (where N is any other nucleotide) and asymmetric (non CG or CNG) methylation also 
occurs (Bender and Fink, 1995; Gruenbaum et al., 1981; Jeddeloh and Richards, 1996; 
Meyer et al. , 1994; Oakley and Jost, 1996). Sites of methylation are not random, with a 
high frequency of methylation found within repetitive DNA sequences (Rabinowicz et al. , 
1999). 
1.3 Inheritance of methylation patterns 
The process of DNA methylation involves the transfer of a methyl group from the co-factor 
S-adenosyl-L-methionine (AdoMet) to the C5 position of cytosine, a reaction which is 
catalysed by methyltransferase enzymes. Patterns of methylation within symmetrical sites 
such as CG are inherited by a process termed maintenance methylation. The DNA 
molecule is methylated on both strands, but after replication only the cytosines on the 
parental DNA strand contain methyl groups, while the newly replicated DNA strand is 
unmodified. The transfer of methyl groups occurs immediately after DNA replication , when 
the loosened chromatin structure allows for access by methyltransferase enzymes 
(Adams, 1995). The hemi-methylated DNA acts as a template for methylation of the 
2 
corresponding cytosine residue on the nascent strand of DNA (Bird, 1978; Holliday and 
Pugh, 1975). The so-called "maintenance" methyltransferases have a distinct preference 
for such hemi-methylated substrates (Bester and Ingram, 1983). 
DNA methyltransferases can also introduce patterns of methylation de nova, without a pre-
existing hemi-methylated template (Adams and Lindsay, 1993; Bester and Ingram, 1983), 
resulting in asymmetric methylation patterns (Bender and Fink, 1995; Meyer et al., 1994; 
Oakely and Jost, 1996). Such patterns are thought to be perpetuated by de nova 
methyltransferase activity that is distinct from maintenance activity (Wassenegger and 
Pelissier, 1998). As de nova methylation does not rely on a template, there must be a 
different type of signal for asymmetric methylation to be initiated. Structural elements such 
as secondary DNA structures or chromatin conformation were initially suggested as 
candidates for such a signal (Meyer et al., 1994), but more recently, an RNA-directed 
guiding system has been implicated in the targeting of methyltransferases to specific 
sequences (Wassenegger et al., 1994; Pelissier et al., 1999). 
De nova methylation is implicated in the spreading of methylation along DNA from a focal 
point, and was first noted to occur on sequences flanking the integration site of provirus 
DNA in mice germ line cells (Jahner and Jaenisch, 1985). Methylation spreading could be 
catalysed by the same enzyme that performs maintenance methylation, or by a separate 
enzyme/s. The murine and human maintenance methyltransferases have a preference for 
partially methylated DNA over unmethylated DNA (Carotti et al. , 1998), and a methyl-DNA 
binding domain of the murine Dnmt1 enzyme has recently been shown to allosterically 
activate its catalytic region (Fatemi et al. , 2001 ). This suggests that the presence of a 
small number of methylated cytosines could induce further methyltransferase activity, and 
hence spreading of methylation. 
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1.4 DNA methyltransferase enzymes 
1.4.1 Prokaryotic methyltransferases 
In bacteria , methylation acts as part of the well-characterised restriction/modification 
system of genome defence. In this system , foreign DNA is cleaved by site-specific 
endonucleases, but self DNA containing the same target sequence is methylated and 
protected by the cognate methyltransferases (Noyer-Weidner and Trautner, 1993). 
Prokaryotic methyltransferases consist of one domain containing ten conserved amino 
acid motifs (Posfai et al., 1989), six of which are highly conserved (Kumar et al., 1994) . 
The amino acid motifs are usually found in a defined order of I-X (Posfai et al., 1989), but 
enzymes with different arrangements of motifs have also been identified (Xu et al. , 1997; 
Jeltsch , 1999). The conserved sequence motifs constitute the core of the three-
dimensional structure of the enzyme and are involved in cofactor binding and enzyme 
function (Cheng et al., 1993) . The cofactor AdoMet is bound by motifs I and X (I ngrosso et 
a/. , 1989) and motif IV contains the enzyme's active site ryvu and Santi , 1987) into which 
the target cytos ine is extruded from the DNA helix (K[imasauskas et al., 1994; Kumar et 
a/. , 1994). Motif IV conta ins an absolutely conserved proline-cysteine doublet which is 
necessary for the methyl transfer reaction (Chen et al., 1991 ; Wyszynski et al. , 1991:). 
Studies of the M. Hha I methyltransferase suggest that as well as binding the flipped-out 
base, the enzyme plays an active role in open ing the DNA duplex (Klimasauskas et al. , 
1998). A variable region , termed the target recognition domain (TRD), lies between motifs 
VIII and IX. The TRD defines the enzyme's sequence specificity and is involved in 
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directing the methyltransferase to the target cytosine (Balganesh et al. , 1987; Trautner et 
al. , 1988; Wilke et al. , 1988; Klimasauskas et al. , 1991 ). 
1.4.2 Mammalian methyltransferases 
Eukaryotic methyltransferases are generally more complex than their prokaryotic 
counterparts, and can be grouped into different classes. Enzymes such as those belonging 
to the Dnmt1 class of mammalian methyltransferases have two distinct domains. They are 
thought to have evolved from ancestral prokaryotic-like enzymes via the fusion of a gene 
encoding an unrelated DNA-binding protein to the ancestral methyltransferase gene, 
resulting in a protein containing two domains; an amino-terminal domain and a catalytic 
carboxy-terminal domain (Bestor, 1990). The C-terminal methyltransferase domain 
contains 8 of the 10 conserved amino acid motifs identified in prokaryote enzymes (Bestor 
et al., 1988). The N-terminal domain interacts with a variety of proteins involved in 
chromatin organization, structure and gene regulation (Fatemi et al., 2001 ). It contains a 
zinc-binding motif that is involved in the discrimination of hemi-methylated and 
unmethylated DNA (Bestor, 1992); this motif also interacts with the catalytic domain , 
causing enzyme activation (Fatemi et al. , 2001 ). 
Targeting sequences in the N-terminal domain direct the enzyme to the replication fork 
during the S-phase of the cell cycle (Leonhardt et al. , 1992). These sequences include a 
bromo-adjacent (BAH) domain similar to those found in several proteins involved in 
regulation of transcription (Liu et al. , 1998; Callebaut et al., 1999). Further evidence of the 
localisation of methyltransferases to newly replicated DNA comes from the identification of 
interactions between methyltransferases and proliferating-cell nuclear antigen (PCNA) 
(Chuang et al., 1997). PCNA is an auxiliary factor for DNA replication and repair that 
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encircles and slides along DNA. Its association with methyltransferases may mediate their 
localisation (reviewed in Kelman and Hurwitz, 1998). 
The Dnmt1 gene of mice was the first mammalian methyltransferase gene to be isolated 
(Bestor et al., 1988); a homologue has also been identified in humans (DNMT1; Yen et al., 
1992). Dnmt1 knock-out mouse embryos containing 30 °/o of wild type methylation levels 
are stunted and abort midway through the gestation period (Li et al., 1992), demonstrating 
the importance of DNA methylation in development. Dnmt1 preferentially methylates CG 
sequences (Yoder et al., 1997) and is generally thought to act as a maintenance 
methyltransferase, but it has also been shown to have de nova methylating activity in vitro 
(Yoder et al. , 1997) and in vivo in E. coli cells (Tollefsbol and Hutchison, 1998). 
A second class of mammalian methyltransferase, Dnmt2, contains all the conserved amino 
acid motifs of other methyltransferases (Okano et al., 1998a) but lacks an amino-terminal 
regulatory domain (Yoder and Bestor, 1998), so is more similar to prokaryotic 
methyltransferases than it is to Dnmt1. Dnmt2 is not required for either de nova or 
maintenance methylation in embryonic stem cells (Okano et al. , 1998a) and its biological 
function is as yet unknown. The human DNMT2 is able to bind DNA via a specific 
recognition motif, but has perhaps lost the ability to transfer methyl groups (Dong et al. , 
2001 ). A homologue of Dnmt2 has also been identified in Schizosaccharomyces pombe 
(Wilkinson et al. , 1995) , an organism which lacks detectable DNA methylation. The S. 
pombe Dnmt2 homologue has a serine separating the conserved proline-cysteine doublet 
(Wilkinson et al. , 1995) . Deletion of the serine restores methyltransferase activity 
(Pinabarsi et al., 1996), suggesting that as for the human DNMT2, the S. pombe 
homologue has lost the ability to methylate DNA. 
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The third class of mammalian methyltransferase has two members, Dnmt3a and Dnmt3b 
(Okano et al. , 1998b). The existence of these de nova methyltransferases was predicted 
by the methylation of proviral DNA occurring at the same rate in both wild type cells and 
cells lacking Dnmt1 activity (Lei et al. , 1996). In mice, Dnmt3a and Dnmt3b are required for 
the genome-wide de nova methylation that occurs after blastocyst implantation (Okano et 
al. , 1999; Ramsahoye et al. , 2000) and are partly redundant in their function , as double 
mutants are embryo lethal , but single mutants are not (Okano et al. , 1999). However, they 
do not have exactly the same function , as single mutants of either enzyme show different 
developmental defects, and minor satellite repeats are demethylated in Dnmt3b mutants 
but not in Dnmt3a mutants (Okano et al. , 1999) . The human DNMT3a and 3b are 94-98 % 
identical to the mouse enzymes (Xie et al., 1999) . DNMT3b methylates specific 
centromeric repeats and is thought to be responsible for stabilisation and organisation of 
satellite DNA, with mutations in DNMT3b causing the human immunodeficiency syndrome 
ICF (Xu et al., 1999). DNMT3b has recently been shown to act cooperatively with DNMT1 
to maintain methylation and silencing in human cancer cells (Rhee et al. , 2002). 
1.4.3 Plant methyl-transferases 
Plant methyltransferases were first identified in wheat (Theiss et al., 1987) and 
methyltransferase enzymes have been cloned from Arabidopsis (Finnegan and Dennis, 
1993; Henikoff and Comai , 1998; Genger et al., 1999; Cao et al., 2000), pea (Pradhan and 
Adams , 1995; Pradhan et al., 1998), carrot (Bernacchia et al., 1998a) , tomato (Bernacch ia 
et al., 1998b) , tobacco (Nakano et al., 2000) and maize (Papa et al., 2001 ). 
Arabidopsis ls thought to contain at least ten methyltransferase genes (The Arabidopsis 
Genome Initiative, 2000), which fa ll into at least three classes. The MET! class of 
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methyltransferases is most similar to the mammalian Dnmt1 class (Finnegan and Dennis, 
1993), although there are two major differences between them. The N-terminal domain of 
METI lacks the cysteine-rich zinc-binding motif of the mammalian enzyme (Bestor, 1992) 
but contains an acidic region which is conserved among plant methyltransferases (Genger 
et al. , 1999). MET/ is 50 % identical to Dnmt1 in the methyltransferase domain, with 
identity falling to 24 % in the N-terminal domain (Finnegan and Dennis, 1993). Like Dnmt1, 
MET/ is thought to preferentially methylate CG dinucleotides (Finnegan et al., 1996; 
Kishimoto et al., 2001 ). Other members of the MET/ class are MET/la, MET/lb, and METIi/ 
(Genger et al. , 1999). MET/la is 68-79 % identical to MET/, and MET/lb is over 90 % 
identical to MET/la. No roles have yet been assigned to these enzymes. The third gene, 
METIi/, is non-essential and encodes a truncated protein in one ecotype of Arabidopsis 
(Genger et al. , 1999) but not in all of them (EJ Finnegan, personal communication). 
Evidence for the existence of more than one class of methyltransferases in plants came 
from experiments showing that CNG methylation and regions of hypermethylation 
occurred in plants in which METI activity had been reduced (Finnegan et al. , 1996; 
Ronemus et al. , 1996; Jacobsen and Meyerowitz, 1997). The second class of 
methyltransferase identified, the chromomethyltransferase (GMT) class, has so far been 
found only in plants (Henikoff and Comai, 1998; Rose et al., 1998). Although the CMT 
class of enzymes shares homology with other methyltransferases, CMTs are distinguished 
by the presence of a chromodomain within the catalytic domain. The chromodomain is 
thought to be involved in mediating interactions between chromatin components and 
guiding CMTs to regions of heterochromatin (Henikoff and Comai, 1998). There are three 
known members of the GMT class. GMT1, which lacks the long N-terminal domain of other 
methyltransferases, is predicted to be non-functional (Henikoff and Comai, 1998). GMT2 is 
60-80 % identical to GMT1 in the methyltransferase domain, but it has a long amino-
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terminal domain which bears little resemblance to those of the MET/ class (Genger et al., 
1999). The third member of the GMT class, CMT3, has been ascribed roles in both CG 
and CNG methylation (Bartee et al. , 2001; Lindroth et al., 2001 ). CMT3 preferentially 
methylates CNG sites within transposons (Tampa et al., 2002) and is targeted to 
heterochromatin via an interaction with a homologue of heterochromatin protein 1 
(Jackson et al. , 2002) . A maize gene, Zmet2, which has similarities to both CMT1 and 
CMT3, shows specificity only for CNG methylation (Papa et al., 2001 ). 
The third class of plant methyltransferase enzymes are known as domains rearranged 
methyltransferases (DRMs). As the name suggests, these enzymes have a novel 
arrangement of motifs, with motifs VI, IX and X found before motifs I-IV (Cao et al. , 2000). 
Enzymes with non-canonical arrangements of motifs also exist in some bacteria (Jeltsch , 
1999). DRM's, which have so far been identified in maize (ZMet3) and Arabidopsis (DRM1 
and DRM2) , have a high similarity to the Dnmt3 family, suggesting that they function as de 
nova methyltransferases (Cao et al. , 2000). DRM's also contain a ubiquitin-associated 
(UBA) domain , reminiscent of those found in ubiquitin pathway enzymes. The function of 
the UBA domain in the ORM class of enzyme is not yet clear (Cao et al., 2000). 
Another plant methyltransferase gene has been identified (accession #AF045889) that is 
homologous to the mammalian Dnmt2 enzyme (Finnegan and Kovac, 2000) . As yet no 
function has been described for this gene, which could represent a fourth class of plant 
methyltransferases. 
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1.4.4 Other methyltransferases 
Methyltransferase enzymes have been identified in many different animal species (Tajima 
et al. , 1995; Aniello et al., 1996; Kimura et al., 1996; Xie et al. , 1999), as well as in many 
non-animal species. The fungus Ascobolus immersus has two methyltransferase genes, 
MASC1 and MASC2. MASC1, like Dnmt2, lacks the regulatory N-terminal domain 
(Malagnac et al., 1997). MASC1 has no detectable in vitro activity, and disrupting it does 
not affect maintenance methylation, but does affect the methylation induced pre-
meiotically (MIP) gene silencing process (Malagnac et al., 1997). Unlike MASC1, MASC2 
has an N-terminal domain and in vitro methyltransferase activity, but disrupting its 
expression has no effect (Malagnac et al., 1999), suggesting the existence of a third 
methyltransferase in this species. In contrast to Ascobolus, disruption of the Neurospora 
Dim-2 methyltransferase gene, which has a novel N-terminal domain unlike those of any 
other methyltransferase, eliminates all detectable DNA methylation within both symmetric 
and asymmetric sequences. This indicates that Dim-2 might be capable of both 
maintenance and de nova activity, and hence might be the only methyltransferase in 
Neurospora (Kouzminova and Selker, 2001 ). 
The fruitfly Drosophila melanogaster, originally thought to lack DNA methylation (Urieli-
Shoval et al., 1982), is now known to contain very low levels that are detectable only 
during early embryo development (Gowher et al. , 2000; Lyko et al. , 2000). Drosophila has 
two methyltransferase proteins, DmMTR 1 and DmMTR2, that are related to Dnmt1 and 
Dnmt2 respectively (Hung et al. , 1999). Identification of non-CG methylation in Drosophila 
embryos has prompted speculation that the mammalian Dnmt2 enzyme might methylate 
these sequences (Lyko, 2001 ). 
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1.5 Roles and functions of DNA methylation 
1.5.1 Methylation and chromatin 
DNA methylation has been attributed roles in many developmental and regulatory 
processes, underlying all of which is the regulation of gene expression. In this role, DNA 
methylation does not act as a solitary player, but contributes to the control of both 
activation and suppression of transcription in combination with many other factors, 
including histone proteins, proteins that bind methylated DNA and macromolecular 
complexes known as chromatin remodelling machines. 
The DNA duplex is tightly wrapped around histone proteins, the amino-terminal "tails" of 
which can be subjected to a variety of modifications, including acetylation, methylation , 
phosphorylation and ubiquitination. Like DNA methylation, the combination of histone 
modifications adds a further level of epigenetic complexity to the information stored within 
the genetic code (Strahl and Allis, 2000). The acetylation status of the histone tails 
influences their interaction with DNA. Acetylation of histone tails , carried out by histone 
acetyltransferases (HATs), is associated with an open, active conformation, whereas 
deacetylation , caused by the action of histone deacetyltransferases (HDACs) is associated 
with an inactive, repressive conformation (reviewed in Knoepfler and Eisenmann , 1999). 
HATs and HDACs are components of chromatin remodelling complexes, ATP-dependent 
machines that alter histone-DNA interactions within nucleosomes. These alterations 
remodel the chromatin between "on" and "off' states, by either allowing or denying access 
to factors required for transcription (Peterson and Tamkun , 1995; Sudarsanam and 
Winston , 2000). 
1 1 
The identification of proteins that could bind to methylated DNA, such as MeCP1 (Meehan 
et al. , 1989) and MeCP2 (Lewis et al. , 1992) and the realisation that they interact with co-
repressor complexes that in turn interact with HDACs, indicated that DNA methylation can 
lead to chromatin modification (Hendrich and Bird, 1998; Jones et al. , 1998; Nan et al. , 
1998; Ng et al. , 1999). This discovery led to the proposal that methylated DNA might serve 
as a signal for the inheritance of stable repressive chromatin states via recruitment of 
methyl-binding proteins (Eden et al., 1998; Ng and Bird, 1999). Reducing HDAC activity 
reactivates some normally silenced genes without affecting methylation levels (Tian and 
Chen, 2001 ), suggesting that methylation could recruit HDACs, or act upstream of histone 
deacetylation. However, it is unlikely that histone modification could be totally dependent 
on DNA methylation, as transcription is also regulated by HDAC activity in DNA 
methylation-deficient species such as yeast (reviewed in Struhl, 1998). Selective loss of 
DNA methylation and reactivation of certain genes in Neurospora after treatment with the 
HDAC inhibitor Trichostatin A initially suggested that the acetylation state of histones could 
control DNA methylation (Selker, 1998), and in Neurospora and Arabidopsis, DNA 
methylation has been shown to be dependent on histone methylation (Tamaru and Selker, 
2001; Jackson et al., 2002). However, it has also recently been shown that a decrease in 
DNA methylation leads to a decrease in histone H3 methylation, suggesting that 
methylated DNA can direct methylation of histones (Soppe et al. , 2002). Both these 
observations can be reconciled in a model in which epigenetic states are stabilised by a 
self-perpetuating cycle of interactions between DNA methylation and histone methylation 
(Figure 1.1 ). 
A link between DNA methylation and chromatin structure was also demonstrated by the 
identification of the Arabidopsis gene DECREASE IN DNA METHYLA TION 1 (DDM1) as a 
member of the yeast ATPase SWl2/SNF2 family of chromatin remodelling machines 
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Figure 1.1 DNA methylation and histone methylation may interact in a self-perpetuating 
cycle to stabilise epigenetic states. HDAC's remove acetyl groups from lysine residues in 
histones, allowing them to be methylated by histone methyltransferases (Bird, 2001 ); the 
murine DNA methyltransferase Dnmt1 can complex with HDAC's (Fuks et al. , 2000) and 
methyl-binding proteins (Tatematsu et al. , 2000). 
a Methylation at CG sequences is proposed to direct methylation of histone H3 in 
Arabidopsis (Soppe et al. , 2002). 
b Replacement of the lysine 9 residue on histone H3 in Neurospora (Tamaru and Selker, 
2001) or mutation in the histone H3 methyltransferase KYP in Arabidopsis causes loss of 
CNG DNA methylation (Jackson et al. , 2002). 
(Jeddeloh et al., 1999; Brzeski and Jerzmanowski, 2003). The ddm1 mutant was isolated 
on the basis of a reduction in DNA methylation, with the mutant ddm1 protein thought to 
block access of methyltransferases to heterochromatin (Jeddeloh et al., 1999). DDM1 is 
also required to maintain methylation of histone H3 (Gendrel et al., 2002). The isolation of 
the chromodomain-containing GMT enzymes (Henikoff and Comai, 1998) suggested that 
DNA methylation could be targeted to specific regions of chromatin. The realisation that 
the methyltransferase DNMT1 can complex with a HDAC (Fuks et al., 2000) and can 
interact with the methyl binding proteins MBD2 and MBD3 (Tatematsu et al., 2000), which 
also form part of HDAC complexes, further suggested an intimate relationship between 
DNA methylation and chromatin modification. The association of DNMT1 both with the 
sliding PCNA factor (Chuang et al., 1997) and with the HDAC/MBD complex suggests that 
the entire complex could act as a scanning mechanism that searches chromatin for sites to 
be methylated (Tatematsu et al., 2000). 
1.5.2 Methylation and development 
The lethal phenotype of Dnmt1-deficient mouse embryos (Li et al., 1992) demonstrated 
unequivocally the importance of DNA methylation in mammalian development, although 
the actual reason for the lethality still remains to be determined. A wave of demethylation 
occurs during the blastocyst stage of mammalian embryo development, but the 
methylation pattern is restored by de nova methylation after implantation of the embryo 
(reviewed in Razin and Cedar, 1993). This global demethylation and remethylation 
process does not occur during plant embryo development. The rate of remethylation in 
ddm 1 mutant plants with low methylation levels backcrossed to wild type plants is 
extremely slow (Kakutani et al. , 1999). Similarly, in Arabidopsis plants that have low 
methylation levels due to introduction of an antisense construct against MET/, 
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remethylation is slow in subsequent generations of antisense-null segregants (Finnegan et 
a/., 1996). Both DDM1 and METI appear to be required to maintain lysine 9 methylation of 
histone H3 (Gendrel et al. , 2002; Soppe et al., 2002). If histone methylation acts as a 
signal for DNA methylation (Figure 1.1), the resulting loss of histone methylation in ddri11 
mutants and MET/ antisense plants might prevent remethylation of DNA. 
Plants with 10 % of normal CG methylation levels remain viable (Finnegan et al., 1996), in 
contrast to Onmt1-deficient mice that have 30 % of normal methylation levels (Li et al. , 
1992). This indicates that DNA methylation in plants could have a different role than in 
mammals, at least with regards to embryonic development. Nevertheless, the phenotype 
of plants in which methylation is substantially perturbed has demonstrated that methylation 
plays important roles in aspects of plant development. 
Mutations in the OOM1 gene cause an immediate loss of methylation in repeated DNA 
sequences, with a progressive loss of methylation in single copy sequences occurring over 
several generations of inbreeding (Vongs et al., 1993; Kakutani et al. , 1996). The ddm 1 
mutant ha~ a reduction in methylation of about 70 % compared to wild type plants. In the 
first generation of ddm1 mutant plants , no visible abnormalities were observed (Vongs et 
a/. , 1993). However, a progressive loss of methylation in specific genomic regions 
occurred upon inbreeding these plants (Kakutani et al., 1995, 1996). This was associated 
with the appearance of a wide spectrum of phenotypic abnormalities , some of which have 
been attributed to heritable epimutations at several different loci. Defects in the repeatedly 
selfed ddm 1 mutants included reduced apical dominance, partial sterility, floral 
abnormalities and delayed flowering (Kakutani et al. , 1995, 1996). 
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In contrast to ddm1 mutants, plants transformed with a MET/ antisense construct (anti-
methyltransferase, AMT), which had up to a 90 % reduction in CG methylation levels, were 
affected in both single copy and repeated sequences simultaneously (Finnegan et al. , 
1996; Ronemus et al., 1996). AMT plants showed developmental defects immediately, 
with the range of abnormalities including reduced apical dominance, decreased height, 
altered leaf morphology, decreased fertility and altered flowering time. Ectopic expression 
of the floral homeotic genes AGAMOUS (AG) and APETALA3 (AP3) in leaf tissue was 
also observed (Finnegan et al., 1996). Ectopic expression of the AG gene in flowers of 
some AMT plants resulted in a phenotype resembling that of the curly leaf (elf) mutant, in 
which AG and AP3 are ectopically expressed (Goodrich et al. , 1997). CLF is homologous 
to the Polycomb group (PcG) group genes that are involved in the regulation of homeotic 
gene expression in Drosophila. PcG genes establish and maintain the silent state of 
homeotic genes in groups of cells throughout development, via effects on higher order 
chromatin structure (reviewed in Pirotta, 1998). PcG proteins are able to methylate histone 
proteins, thus contributing to the permanently silenced states of homeotic genes (Cao et 
al. , 2002). The identification of CLF as a PcG gene, combined with the phenotypic 
similarities of elf mutants to AMT plants, further strengthens not only the link between 
methylation and chromatin , but also the link between methylation and plant development. 
1.5.3 DNA demethylation 
The mechanisms controlling the wave of demethylation that precedes de nova methylation 
in the developing mammalian embryo (reviewed in Razin and Cedar, 1993) are yet to be 
elucidated. Although this process does not occur in plants, methylation levels do change 
during plant development; for example, seed methylation levels are higher than those of 
mature tissues or pollen (Messeguer et al. , 1991 ; Palmgren et al. , 1991 ), indicating that 
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some form of demethylation must occur naturally. One suggested role for demethylation is 
that of an epigenetic repair system involving targeted demethylation of aberrantly 
methylated sequences, in order to restore their function (Qu and Ehrlich, 1999). 
Methylation could be lost either passively, via lack of maintenance methylation activity 
during successive cell divisions, or actively, via some direct demethylating activity 
(reviewed by Wolffe et al., 1999). Three types of demethylating activity have been 
described. One of these involves the removal of a methylated cytosine by a 
5-methylcytosine DNA glycosylase, followed by the replacement of an unmethylated 
cytosine via an endonuclease activity (Jost et al., 1995). The glycosylase is associated 
with a RNA moiety that is thought to guide the enzyme to the site that is to be 
demethylated (Jost et al., 1997). A second report also describes removal of methylated 
DNA nucleotides, followed by their conversion to RNAse-sensitive forms (Weiss et al., 
1996). Demethylase activity of an enzyme identical to the methyl-binding protein MBD2 
has been reported (Bhattacharya et al. , 1999). The demethylase lacked glycosylase 
activity, and was instead thought to hydrolyse the 5mC to cytosine and methanol , leaving 
the DNA strand unperturbed (Ramchandani et al. , 1999). However, subsequent reports of 
the isolation of MBD2 were unable to confirm the claims of demethylase activity (Ng et al., 
1999; Wade et al. , 1999), and the matter has yet to be resolved. 
1.5.4 Methylation and silencing 
The silencing of gene expression , first observed in transgenic plants, is now widely 
accepted as a system that both regulates the expression of endogenous genes and acts 
as a defence against foreign DNA and viruses. Gene silencing can be broadly separated 
into two types; silencing dependent on position effects, and silencing dependent on 
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homology between nucleic acid sequences (homology-dependent gene silencing; Meyer 
and Saedler, 1996). The latter is traditionally further separated into transcriptional gene 
silencing, in which the production of RNA transcripts is inhibited, and post-transcriptional 
gene silencing, which operates at the level of RNA turnover in the cytoplasm. Both TGS 
and PTGS are associated with de nova methylation of homologous sequences, with recent 
work indicating that the two processes may be intimately linked and not so easily 
separated (reviewed in Matzke et al., 2001 ). 
1.5.4.1 Position effect silencing 
Position effect silencing was first observed in Drosophila, where chromosomal 
rearrangements that placed actively expressed genes next to condensed heterochromatin 
resulted in their transcriptional inactivation (Reuter and Spierer, 1992). Similar 
observations were made in transgenic petunia plants (Preis and Meyer, 1992). In a line in 
which two transgenes were silenced, the transgenes were found to have integrated into a 
highly methylated region of DNA, and in two other lines, the different methylation levels of 
DNA flanking the transgenes in each line impacted on the expression level of the 
transgenes. This demonstrated that the transcriptional status of the surrounding chromatin 
region could be imposed upon inserted genes, resulting in silencing if the transgene 
inserted into a region of heterochromatin (Preis and Meyer, 1992). 
1.5.4.2 Transcriptional gene silencing (TGS) 
TGS depends on homology in the promoter region and is correlated with methylation of 
promoter sequences (Matzke et al., 1989; Meyer et al., 1993), with methylation thought to 
block transcription via formation of repressive chromatin structures. Methylated 
transcriptionally silent states are usually meiotically inherited (Meyer et al., 1993; Jones et 
al., 2001 ). 
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In Neurospora, TGS can occur via the process of repeat-induced point mutation (RIP) 
(Selker, 1997; Selker, 1999). In this process, point mutations and DNA methylation occur 
in duplicated sequences, leading to gene inactivation. Although methylation was found to 
block elongation of transcripts in Neurospora (Rountree and Selker, 1997), RIP is 
unaffected in the dim-2 methylation-deficient mutant, bringing into question the role of 
methylation in this process (Kouzminova and Selker, 2001 ). A RIP-related process known 
as methylation induced pre-meiotically (MIP) occurs in Ascobolus. MIP is very similar to 
RIP, but does not involve mutations (Rossignol and Faugeron, 1994). Both RIP and MIP 
have been proposed to involve DNA-DNA pairing of homologous sequences. 
In some cases, endogenous genes silenced by TGS can transmit their silenced state to 
other alleles. One example is that of paramutation, in which one allele, designated the 
paramutagenic allele, induces a heritable reduction in expression at a second, 
paramutable allele. Paramutation has been observed in maize genes involved in 
anthocyanin biosynthesis pathways, where significant changes in methylation have been 
correlated with paramutation at the r1 allele, but not at the b1 or p/1 loci. However, it is not 
known whether methylation plays a direct role in paramutation or is a consequence of it 
(reviewed in Chandler et al., 2000). The maize A 1 gene caused a paramutation-like 
phenomenon in transgenic petunia (Meyer et al., 1993) where it was speculated that DNA-
DNA pairing was involved. 
In plants, methylated, silent loci are thought to be able to induce TGS of other homologous 
transgenes or endogenous genes via de nova methylation of their promoters (Vaucheret, 
1993; Park et al., 1996). As for the RIP and MIP processes in fungi, DNA-DNA pairing was 
originally proposed to account for this trans-acting effect (reviewed in Muskens, 2000); 
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however, little direct evidence of this mechanism exists. Instead, RNA-DNA interactions 
have been shown to be specific signals for de nova methylation (Wassenegger et al., 
1994; Pelissier et al. , 1999). 
Double-stranded RNA (dsRNA) that is produced from inverted repeat transgenes can be 
cleaved into small RNAs (Hamilton and Baulcombe, 1999). If the dsRNA consists of 
promoter sequences, the small RNAs can induce promoter methylation and TGS of 
previously active transgenes or endogenous genes with homologous promoters (Mette et 
al. , 1999, 2000; Sijen et al. , 2001; EJ Finnegan and J Dedic, personal communication) . 
This process is thought to involve RNA-directed DNA methylation (RdDM) of 
complementary DNA sequences (Wassenegger et al. , 1994). It is not yet fully understood 
how RdDM arises, but it is thought that RNA-DNA hybrids may act as templates for 
methyltransferase enzymes in much the same way that unusual DNA structures are 
proposed to act (Smith, 1998; Pelissier et al. , 1999). A methyltransferase that recognizes 
RNA-DNA hybrids as a substrate has not yet been unequivocally identified , although 
CMTs could be potential candidates (Mette et al. , 2000; Wassenegger, 2000) . It has also 
been suggested that the small RNAs might guide methyltransferases to homologous DNA 
sequences, and that RNA helicases may be potential candidates for part of the RdDM 
machinery (reviewed in Matzke et al. , 2001 ). The chromodomains of histone 
acetyltransferases, which are part of chromatin-remodelling complexes, have been shown 
to bind RNA (Akhtar et al., 2000) and small RNAs have recently been implicated in 
heterochromatinisation of repeat sequences in yeast (Volpe et al. , 2002). It is therefore 
possible that the small RNAs guide chromatin-remodelling machinery to specific 
chromosomal sites, and that chromatin changes precede RdDM. This is consistent with 
the observation that the chromodomain-containing methyltransferase CMT3 interacts with 
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methylated histones via a chromatin binding protein (Jackson et al., 2002), indicating that 
CMT3 methylates DNA after histone methylation has occurred. 
The isolation of mutants with reduced silencing capacity has identified some of the genes 
required for TGS (reviewed in Mittelsten Scheid and Paszkowski, 2000). The ddm1 and 
hog1 mutants relieve TGS in association with a decrease in methylation (Furner et al. , 
1998), strengthening the evidence that methylation is necessary for TGS. The 
methyltransferase METI is essential for the maintenance of TGS. In experiments where 
MET/ was silenced, TGS of a GFP transgene was reversed, in association with 
hypomethylation of DNA (Jones et al., 2001 ). Likewise, in the met1 mutant, TGS of a GUS 
transgene was relieved (Morel et al., 2000). In contrast, the sit (Furner et al., 1998) and 
mom (Amadeo et al. , 2000) mut~nts relieve silencing without a change in methylation, 
indicating that more than one pathway to TGS may exist. 
1.5.4.3 Post transcriptional gene silencing (PTGS) 
PTGS (also called cosuppression) was first observed when endogenous genes were 
silenced in response to the introduction of homologous transgenes transcribed in the 
sense direction (Napoli et al. , 1990). PTGS, which involves degradation of mRNA in the 
cytoplasm, is thought to have evolved as a defence against viral invasion and other foreign 
nucleic acids (Waterhouse et al. , 1999, 2001) and has been shown to be equivalent to the 
RNAi silencing process that occurs in animals (Fire et al. , 1998). 
Unlike TGS, PTGS requires homology in the transcribed region of genes (lngelbrecht et 
a/., 1994; reviewed in Depicker and Montagu , 1997; Kooter et al. , 1999). However, like 
TGS , PTGS is associated with dsRNA. DsRNA can be produced from inverted repeat 
transgenes (e.g . Waterhouse et al. , 1998; Mette et al. , 2000) , by RNA viruses (Ratcliff et 
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a/. , 1997), or by an RNA-dependent RNA polymerase (RdRP) that uses aberrant single 
stranded RNA as a template to transcribe complementary RNAs (Wassenegger and 
Pelissier, 1998). RdRPs have recently been identified in Neurospora (Cogoni and Macina, 
1999) and Arabidopsis (Dalmay et al., 2000; Mourrain et al. , 2000). Current models of 
PTGS (Waterhouse et al. , 1998; Wassenegger and Pelissier, 1998; Finnegan et al. , 2001; 
Matzke et al., 2001) hold that the dsRNA molecules are bound and cleaved by a 
ribonuclease protein complex into small oligomers. The short dsRNAs, while bound to an 
RNA-induced silencing complex, can then go on to cleave homologous ssRNAs to cause 
the PTGS phenomenon. The silencing complex, termed RISC in Drosophila, comprises an 
enzyme with nuclease activity that incorporates the dsRNAs as guides to target specific 
messages (Hammond et al. , 2000). In plants, the same short dsRNA/protein complex is 
also capable of inducing RdDM, resulting in dense methylation at both symmetrical and 
non-symmetrical sites in the transcribed regions that are homologous between the RNA 
and DNA, just as occurs in promoter regions in TGS (Jones et al., 1999; Pelissier et al., 
1999; Sijen et al. , 2001 ). The PTGS signal can spread to other cells, as demonstrated by 
grafting experiments (Palauqui et al. , 1997) and the signal is amplified as it moves through 
the plant (Voinnet et al. , 1998). The signal is yet to be identified but the short 
dsRNA/protein complex described above is one candidate, as it might be able to travel to 
other cells, where it could propagate RNA degradation as well as direct sequence-specific 
RdDM (Wang et al. , 2001 ). 
A reduction in DNA methylation in several Arabidopsis RdRP mutants suggested that 
establishment or maintenance of PTGS might require methylation (reviewed in Matzke et 
al., 2001 ). A role for methylation and chromatin modification in both the establishment and 
maintenance of PTGS was suggested by the reactivation of a post-transcriptionally 
silenced GUS transgene in the presence of ddm 1 and met1 mutations (Morel et al. , 2000) . 
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However, virus-induced gene silencing experiments showed that METI is not required for 
either maintenance of PTGS or initiation of RdDM (Jones et al., 2001 ), indicating that 
different methyltransferase/s, possibly RNA-directed methyltransferases, may be involved 
in these functions. Jones et al. (2001) suggest that METl-dependent and METl-
independent systems of PTGS maintenance might exist, to account for the variation in 
correlations between PTGS and methylation. 
1.5.5 Regulation of endogenous gene expression by methylation 
The expression of several endogenous Arabidopsis genes appears to be regulated by 
DNA methylation. Analysis of the PAI (phosphoribosylanthranilate isomerase) genes in the 
WS ecotype revealed four highly similar PAI genes at three loci; PA/1-PA/4, which is an 
inverted repeat, and PA/2 and PA/3, found at unlinked loci. All four genes are heavily 
methylated (Bender and Fink, 1995). PA/1 is active, thought to be due to transcription from 
a promoter in a upstream unmethylated region (Melquist et ar , 1999), but PA/2 and PA/3 
are silenced. Deletion of the inverted repeat PAI genes resulted in a loss of methylation 
and expression of the other two genes, suggesting that the inverted repeat genes 
promoted methylation of the others. This observation was supported by the fact that the 
PAI genes are unmethylated in the Columbia (Col) ecotype, which does not have the 
inverted repeat genes. In crosses between WS and Col , the inverted repeat genes of WS 
triggered de nova methylation of the Col genes (Luff et al., 1999) , and in a screen of 39 
other ecotypes, the presence of the inverted repeat PAI genes correlated with methylation 
of all the PAI genes (Melquist et al. , 1999). Crossing the PAI lines to ddm1 and antisense 
MET/ lines led to a reduction in methylation and reactivation of PA/2 (Jeddeloh et al. , 
1998; Bender, cited in Jacobsen , 1999) and a genetic screen for reduced PAI methylation 
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resulted in isolation of a CMT3 mutant (Bartee et al., 2001 ), further strengthening the link 
between methylation and silencing of the PAI gen~s. 
Other endogenous genes whose expression is regulated by methylation include 
SUPERMAN (SUP), AGAMOUS (AG) and FWA. In contrast to the PAI genes, the SUP 
gene is unmethylated in wild-type plants, but epialleles of SUP that arose in mutagenised 
plants were densely methylated and transcriptionally silenced (Jacobsen and Meyerowitz, 
1997). The SUP gene becomes hypermethylated and silenced in the low methylation 
background of AMT plants (Jacobsen and Meyerowitz, 1997). Neither DDM1 or METI are 
required for establishment or maintenance of SUP hypermethylation (Jacobsen et al., 
2000), which is concentrated within CNG sites, suggesting the involvement of CMT 
enzymes (Jacobsen and Meyerowitz, 1997). AMT plants also show a phenotype 
resembling the floral homeotic mutant ag (Finnegan et al., 1996), due to methylation and 
silencing of the AG gene. Most of the methylation in the AG sequence is asymmetric, 
suggesting a methyltransferase other than MET/ was responsible (Jacobsen et al., 2000). 
Both the SUP and AG genes contain pyrimidine-rich sequences that are predicted to form 
secondary hairpin structures which can be preferentially methylated, acting as a potential 
signal for their methylation and silencing (Jacobsen et al., 2000). FWA is normally silenced 
in wild type plants, correlating with the methylation of two direct repeat sequences in its 5' 
region; expression of FWA is associated with hypomethylation of about 5 Mb around the 
FWA locus (Soppe et al. , 2000). As methylation within FWA is not confined to CG sites but 
also occurs at asymmetric sites, it has been proposed that the silencing of FWA could be a 
result of RdDM, with the 5' repeated sequences potentially producing dsRNA (Soppe et 
al., 2000). This indicates that similar processes could regulate the expression of both 
transgenes and endogenous genes. 
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Endogenous TGS has also been observed in the naturally occurring Lcyc mutant, 
identified in natural populations of Linaria vulgaris (Cubas et al., 1999). Identification of this 
mutant, in which the Lcyc gene is methylated and silenced, has suggested a role for the 
epigenetic regulation of genes in evolution (reviewed in Finnegan, 2002). 
1.5.6 Methylation and genome defence 
One of the major roles posited for methylation is as the basis of a nuclear defence system 
that protects the genome against potential deleterious effects of parasitic sequence 
elements such as transposable elements (TE's), viral and viroid DNA (Yoder et al., 1997). 
Both plant and animal genomes contain a large number of TE's and proviral DNA 
sequences, which are normally methylated and silent (Bestor, 1990; Bestor and Coxon, 
1993; Bestor and Tycko, 1996). The activation of parasitic sequence elements in response 
to demethylation can wreak havoc, for instance, causing ectopic expression of adjacent 
genes (reviewed in Yoder and Bestor, 1996). In mice, demethylation of an intracisternal A 
retrovirus leads to overexpression of the adjacent agouti gene, causing gross growth 
abnormalities (Michaud et al., 1994). In a mammalian interspecific hybrid, activation of 
mobile elements by demethylation leads to rapid genome alterations and even changes in 
chromatin structure (Waugh O'Neill et al., 1998), indicating that methylation has an 
important role in suppressing these elements. 
In plants, transposon and retrotransposon activity also appears to be regulated by 
methylation and chromatin structure (e.g. Schwartz and Dennis, 1986). The 
methyltransferase CMT3 is required to maintain gene silencing of retrotransposon 
sequences (Lindroth et al., 2001 ), and some of the epimutations seen in ddm 1 mutant 
plants are due to demethylation and activation of transposons. For instance, in the 
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absence of DDM1 function, the CAC1 transposon becomes demethylated, transposes and 
increases in copy number. Insertion of CAC1 into DWF4, a brassinosteroid biosynthesis 
gene, results in a lack of shoot and petiole elongation, causing the clam abnormality 
(Miura et al., 2001). Robertson's Mutator-like elements (Singer et al., 2001) and Athila4 
retroelements (Wright and Voytas, 2001) also become demethylated and activated in 
ddm1 plants. Similarly, the tobacco Tto1 retrotransposon becomes methylated and 
silenced when inserted into Arabidopsis and then is demethylated and activated in the 
ddm1 background (Hirochika et al., 2000). These observations indicate that methylation 
and chromatin remodelling are required for transcriptional repression of many 
transposons. DsRNA produced from repetitive transposon sequences could act as a signal 
for RdDM, leading to silencing and inactivation of the transposons (reviewed in Muskens et 
al, 2000), thus linking genome defence and gene silencing mechanisms. It has been 
suggested that many epigenetic phenomena could be a consequence of the endogenous 
genome defence system (Henikoff and Matzke, 1997). 
1.5.7 Methylation and genomic imprinting 
The expression status of some alleles is dependent on the parent from which they were 
inherited. This phenomenon, known as genomic imprinting, involves one of the two alleles 
of particular genes being suppressed throughout development. Imprinting has often been 
correlated with methylation and/or chromatin-mediated silencing (reviewed in Alleman and 
Doctor, 2000). The concept of genomic imprinting is not solely restricted to the definition of 
parental origin; the term can also cover heritable changes brought about by interactions 
between alleles such as paramutation (reviewed in Matzke and Matzke, 1993). 
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In mice, three imprinted genes are differentially methylated, depending on their parental 
origin. The proper differential expression of these three alleles is compromised in Dnmt1-
deficient mice (Li et al., 1993). Transformation of mutant dnmt1 embryonic stem cells with 
a wild type Dnmt1 construct re-established normal methylation levels in all non-imprinted 
genes, but failed to restore normal methylation in imprinted genes, indicating that a 
different methyltransferase may be required to methylate imprinted genes (Tucker et al. , 
1996). The identification of alternatively spliced forms of Dnmt1 that are active at different 
stages of development and in different places led to the suggestion that one form of Dnmt1 
was responsible for de nova methylation in eggs (Mertineit et al., 1998), but more recent 
results indicate that it is needed for maintenance methylation only in the embryo (Howell et 
al. , 2001 ). An protein known as Dnmt3L, which is homologous to the de nova Dnmt3 
enzymes, is required specifically for the establishment of genomic imprinting in female 
gametes. The mechanism of how this occurs is unclear, as Dnmt3L lacks the characteristic 
catalytic motifs of methyltransferases (Bour'chis et al., 2001 ). 
In plants, parental imprinting has been observed in the seed endosperm, which in 
angiosperms, contains one paternal and two maternal genomes (reviewed in Matzke and 
Matzke, 1993). The maize R gene, which encodes a transcription factor involved in 
anthocyanin production, is imprinted in the endosperm. The maternally inherited allele is 
undermethylated compared to the paternal allele, with inheritance from the maternal or 
paternal side resulting in different pigmentation patterns (Kermicle and Alleman, 1990). 
Endosperm development and the control of seed size in Arabidopsis also appears to be 
regulated by genomic imprinting, as different ratios of maternal to paternal genomes cause 
either inhibition or promotion of seed size (Scott et al. , 1998). Reciprocal crosses between 
AMT plants with low methylation levels and wild type plants phenocopies this effect, with 
AMT pollen giving the effect of having an extra maternal genome, and wild type pollen 
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creating an extra paternal genome effect (Adams et al., 2000). These observations 
suggest a general role for methylation in imprinting mechanisms in plants. 
The maternally derived allele of the Arabidopsis MEA (FIS1) gene, which is homologous to 
the PcG genes of Drosophila, is expressed in the endosperm after fertilization, but the 
paternally derived allele is silenced in sperm cells. Seeds of the mea mutant abort, but 
when mea is crossed to ddm1, the lethal phenotype is rescued, implying that the 
paternally-inherited MEA allele is reactivated (Vielle-Calzada et al. , 1999). This was 
interpreted to mean that during seed development, the maintenance of the genomic 
imprint on the paternal MEA allele requires the activity of DDM1, and hence that changes 
in chromatin structure (and perhaps methylation) have an effect on genomic imprinting. 
Mutants of the maternally expressed PcG genes FIS2 (Luo et al., 2000) and FIE 
(Vinkenoog et al., 2000) were also rescued by a reduction in methylation levels after 
pollination with AMT plants. However, this is not due to reactivation of the paternal alleles, 
but probably due to activation of downstream genes, calling into question the role of 
methylation in maintaining the genomic imprint of FIS2 and FIE (Luo et al. , 2000; 
Vinkenoog et al. , 2000) , as well as MEA (Grossniklaus et al. , 2001 ). 
1.5.8 Methylation and large-scale silencing 
DNA methylation has been implicated in many other aspects of gene regulation in addition 
to those already described. One of these is the process of X-chromosome inactivation 
(XCI) , a method of dosage compensation in mammals in which one of the two X-
chromosomes is silenced. XCI involves the production of a non-coding RNA called Xist, 
which coats the inactive chromosome and is required for the initiation of the inactivation 
process (reviewed in Park and Kuroda, 2001 ). Xist is expressed from the inactive X 
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chromosome, and the silent Xist allele on the corresponding active X chromosome is 
methylated (reviewed in Pfeifer and Tilghman , 1994). Demethylation of the Xist locus in 
Dnmt1-deficient mouse embryos induces its expression (Beard et al. , 1995) and results in 
silencing of both X chromosomes (Panning and Jaenisch, 1996), demonstrating the 
importance of methylation in the maintenance of Xist expression. It has been suggested 
that the DNMT3a and/or 3b enzymes could be responsible for de nova methylation of Xist 
during normal development (Okano et al. , 1999). 
DNA methylation is also associated with the process of nucleolar dominance (reviewed in 
Pikaard, 2000). Nucleolar dominance involves the silencing of one parental set of rRNA 
genes in hybrids. As there are thousands of copies of rRNA genes, this silencing 
phenomenon occurs on an enormous scale. Although the initiating mechanisms of 
nucleolar dominance are unclear, the silenced state is thought to be maintained by DNA 
methylation and repressive chromatin structures, as treatment with inhibitors of DNA 
methylation and histone deacetylases de-represses silent rRNA genes (Chen and Pikaard, 
1997). 
1.6 The floral transition 
To initiate flowering , plants must perceive and respond to many different signals that are 
received both from the external environment and from within the plant. Important 
environmental signals influencing flowering include light and temperature , and 
endogenous signals include hormones such as gibberellic acid (GA) . The time to 
flowering of the crucifer Arabidopsis thaliana is significantly redu·ced by both long day light 
periods (Napp-Zinn , 1985) and GA (Langridge, 1957). A prolonged exposure to cold 
temperatures also induces flowering in many annual species, a response termed 
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vernalisation (Napp-Zinn, 1985). This response confers a reproductive advantage on 
plants, allowing them to flower as soon as possible after winter. 
The process of floral initiation is facilitated by an intricate network of flowering time genes 
that function in a variety of pathways, each regulated by a different combination of signals. 
The flowering pathways converge to upregulate floral meristem identity (FMI) genes, 
followed by genes that specify the development of the floral organs. Two important FMI 
genes that lie downstream of the flowering time genes are APETALA 1 (AP1) , a MADS-box 
transcription factor (Irish and Sussex, 1990) and LEAFY (LFY)J a novel transcription factor 
(Mandel et al. J 1992). Together, LFY and AP1 promote the transition from inflorescence 
meristem to floral meristem on the flanks of the shoot meristem (Irish and Sussex, 1990; 
Weigel et al. J 1992; Bowman et al.J 1993; Mandel and Yanofsky, 1995). To retain 
inflorescence identity at the centre of the growing tip , their expression is excluded from the 
centre of the inflorescence meristem by the floral repressor TERMINAL FLOWER 1 (TFL 1) 
(Bradley et al.J 1997; Ruiz-Garcia et at 1997). In a reciprocal negative relationship , LFY 
and AP1 exclude the expression of TFL 1 in the flanks of the shoot meristem (Shannon and 
Meeks-Wagner, 1993; Ratcliffe et a/.J 1999). 
The identity of the different organs that are generated from floral meristem tissue is 
specified by the expression of floral organ identity genes. These include AP1 , APETALA3 
(AP3)J PISTILLATA (Pl) and AGAMOUS (AG)J which are MADS-box transcription factors 
(Weigel and Meyerowitz, 1994), as well as APETALA2 (AP2), which belongs to a different 
class of transcription factor (Jofuku et al. J 1994) . Differential region-specific expression of 
these genes in the four whorls of the flower results in the production of sepals, petals , 
stamens and carpels . Some floral organ identity genes are repressed by plant homologues 
of the Drosophila PcG genes that stably maintain the repression of homeotic genes 
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throughout development (Simon, 1995). For example, the PcG gene CLF represses AG 
throughout the plant except within the inner two whorls of the flower, where AG is required 
for specification of stamens and carpels (Goodrich et al., 1997). 
1. 7 Natural variation in flowering time 
At least 80 genes are thought to be involved in regulating the initial transition from 
vegetative to reproductive growth (Levy and Dean, 1998). Whilst many of these loci have 
been identified by mutant analysis, studies of natural variation in flowering time among 
different ecotypes of Arabidopsis have also led to the identification of some important 
flowering time genes, including FRIG/DA (FRI) and FLOWERING LOCUS C (FLC). 
Dominant alleles of FRI and FLC cause late flowering which is reversible by vernalisation. 
FRI was identified as a single dominant gene causing differences in flowering time 
between the late ecotype San-feliu 2 (Sf-2) and the early ecotypes Landsberg erecta (Ler) 
and Columbia (Col) (Lee et al. , 1993). The failure of the Sf-2 allele to cause late flowering 
in Ler led to the identification of FLC, and suggested that the lateness caused by FRI 
depended on a dominant allele at the FLC locus (Koornneef et al. , 1994; Lee et al. , 1994b; 
Clarke and Dean , 1994). Although FLC and FRI are clearly important flowering genes, the 
identification of many other naturally occurring loci that affect flowering , in crosses 
between different ecotypes, has demonstrated that differences in flowering behaviour in 
different genetic backgrounds can not usually be attributed to a single gene (Alonso-
Blanco et al. , 1998). 
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1.8 Flowering mutants 
Mutation-based studies on flowering, beyond the initial identification of the Id, gi and co 
mutants (Redei, 1962) were greatly extended by the work of Koornneef et al. (1991 ), who 
identified 11 different flowering loci. By 1998 studies of these and other mutants, along 
with naturally occurring loci (Koornneef et al. 1991, 1998b; Lee et al., 1993; Martinez-
Zapater et al., 1994) resulted in the identification of many more flowering loci. Together, 
these studies led to a general model defining flowering as a default developmental state 
(Koornneef et al., 1998a; Simpson et al., 1999; Reeves and Coupland, 2000), although it 
has also been suggested that flowering might instead be actively switched on by genes 
such as LFY (Blazquez and Weigel, 2000). 
The default model was proposed because although mutants without any evidence of floral 
structures had never been identified, the embryonic flower (emf) mutant develops directly 
into the early reproductive stage immediately after germination (Sung et al., 1992). The 
default flowering state was therefore suggested to be suppressed by floral repressors such 
as EMF1, with early and late flowering mutants representing genes that either repress or 
promote the default flowering state in wild type plants (Koornneef et al. , 1998a). These 
mutants, along with the naturally occurring loci , act within four generally accepted floral 
promotion pathways; the endogenously regulated autonomous and GA-mediated 
pathways, and the environmentally regulated photoperiod and vernalisation pathways 
(Figure 1.2). Although each pathway can independently result in flowering , many overlaps 
and interactions also exist between them (see section 1.13). 
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1.9 Photoperiod promotion pathway 
Mutants in the photoperiod promotion pathway lose their sensitivity to daylength, flowering 
at the same time as wild type plants in short days (SD), but later than wild type in long 
days (LO) conditions. They also have a reduced response to vernalisation relative to wild 
type plants. Late flowering mutants placed in this pathway include co, gi, fd, fha, fe, ft, fwa 
and soc1 (Koornneef et al. , 1998a; Kardailsky et al. , 1999; Kobayashi et al., 1999; 
Onouchi et al. , 2000; Samach et al. , 2000). 
The CONSTANS (CO) and GIGANTEA (GI) genes lie downstream of a light sensing 
mechanism, which consists of light-sensitive photoreceptors and circadian clock 
components (Koornneef and Peeters, 1997). GI encodes a putative membrane-localised 
protein (Fowler et al. , 1999; Park et al., 1999), thought to form part of a feedback loop that 
controls light signalling to the circadian clock upstream of CO (lgeno, Robson and 
Coupland, cited in Fowler et al. , 1999; Park et al. , 1999). CO shows resemblance to zinc-
finger transcription factors (Putterill et al. , 1995), with the zinc finger domain being 
homologous to the "B-box" protein-protein interaction domains of animal transcription 
factors (Robson et al. , 2001). CO promotes flowering in a dosage-dependent manner 
(Putterill et al. , 1995) and its overexpression results in photoperiod-independent early 
flowering (Simon et al. , 1996). However, CO also has antagonistic effects on flowering , as 
it leads to activation of both the floral repressor TFL 1 and the floral promoter LFY (Simon 
et al., 1996; Bradley et al., 1997). 
Although the four mutants ft, fwa, fe and fd have the general characteristics of photoperiod 
pathway mutants (Koornneef et al., 1991) , they are generally placed as a separate 
subgroup. Unlike most other flowering genes, genes of this subgroup do not upregulate 
32 
expression of the FMI gene LFY (Nilsson et al., 1998), but instead control the competence 
of the meristem to respond to LFY expression (Ruiz-Garcia et al., 1997). FT is in the same 
gene family as TFL 1, both genes sharing similarities with membrane-associated proteins 
involved in signal transduction (Kardailsky et al., 1999; Kobayashi et al., 1999). FWA 
encodes a homeodomain-containing transcription factor (Soppe et al., 2000). CO 
promotes flowering via FT and FWA (Onouchi et al., 2000), with FT and a putative 
transcription factor, SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1), being 
direct early target genes of CO (Onouchi et al., 2000; Samach et al., 2000). FT is also 
thought to be upregulated by a CO-independent pathway, because although its expression 
is delayed in the co mutant, it does eventually occur (Kardailsky et al. , 1999; Kobayashi et 
al. , 1999). 
1. 1 O Autonomous promotion pathway 
Mutants in the autonomous pathway, which include the classical late flowering mutants 
fpa, fve, fld, Id, fy and fca, are late flowering in LO and SD, and are responsive to 
vernalisation (Koornneef et al., 1991, 1998b). Within this class of mutants, tea and fy form 
one subgroup, and fve and fpa form a second (Koornneef et al., 1998; Rouse et al. , 2002). 
The autonomous pathway genes promote flowering independently of environmental 
signals, but possibly respond to endogenous signals, such as signals from an internal 
developmental clock (Simpson et al. , 1999). 
Of the autonomous pathway genes, FPA, FCA, LO and FY have been cloned. FPA and 
FCA contain RNA-binding motifs, indicating possible involvement in post-transcriptional 
events (Macknight et al. , 1997; Schomburg et al., 2001 ). Overexpressing FPA causes 
early flowering in SD, thought to be due to either negative regulation of floral repressors, or 
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interaction with photoperiod pathway genes (Schomburg et al. , 2001 ). FCA overexpression 
also causes early flowering, probably via upregulation of LFY (Page et al. , 1999). In 
addition to its two RNA binding domains, FCA contains a protein interaction domain, 
further suggesting that it acts at a post-transcriptional level (Macknight et al., 1997). 
Consistent with this, the C-terminal region of FCA interacts with a AtSWl3B, a component 
of a chromatin remodelling complex (Sarnowski et al. , 2002). LO has a glutamine-rich 
domain often found in transcription factors (Lee et al. , 1994a) and shows similarities to 
homeodomain DNA-binding proteins of yeast (Aukerman and Amasino, 1996). The LO 
gene product is targeted to the nucleus (Aukerman et al. , 1999). 
FLC, a MADS-box transcription factor, mediates the action of all the autonomous pathway 
genes (Michaels and Amasino, 1999a; Sheldon et al. , 1999). FLC was originally placed in 
the autonomous pathway because crossing the dominant Columbia FLC allele to 
autonomous pathway mutants such as fca and fpa caused them to flower even later 
(Sanda and Amasino , 1996). FLC is upregulated by FRI, which is not related to any known 
protein (Johansen et al. , 2000). Although FRI was originally placed in the autonomous 
pathway due to similarities in its flowering phenotype with the other autonomous mutants 
(Martinez-Zapater et al., 1994), it acts independently of the other autonomous genes. 
FLC represses flowering in a dosage-dependent manner (Sheldon et al. , 1999). It is 
expressed at a low level in early flowering ecotypes such as Ler and Col that have loss-of-
function FRI alleles (Johansen et al. , 2000). Conversely, FLC is highly expressed in late 
flowering ecotypes with a dominant FRI allele (Michaels and Amasino, 1999a; Sheldon et 
a/. , 1999); in the absence of FLC, such ecotypes lose their late flowering phenotype 
(Michaels & Amasino 2001) . Consistent with the placement of FLC within the autonomous 
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promotion pathway, FLC expression is higher in the autonomous mutants fca, fve, fpa and 
Id than in the wild type parent (Michaels and Amasino, 1999a; Sheldon et al., 1999), 
whereas FLC is not upregulated in photoperiod pathway mutants (Sheldon et al., 1999). 
The late flowering phenotype of most of the autonomous pathway mutants appears to be 
entirely FLC dependent, since a null FLC allele abolishes the late flowering of all but one 
of them (Michaels and Amasino, 2001 ). FPA is the exception, retaining some late flowering 
effect, in keeping with its placement in between the photoperiod and autonomous 
pathways (Koornneef et al., 1998b). 
1. 11 Vernalisation promotion pathway 
The ability to respond to vernalisation provides a reproductive advantage for annual plants 
such as Arabidopsis by allowing flowering to occur in spring weather, thus providing ample 
time to set seed before the onset of the following winter. The capacity of different ecotypes 
of Arabidopsis to respond to vernalisation is largely determined by the presence of 
dominant alleles of FRI and FLC (Napp-Zinn, 1985; Lee et al., 1993, 1994b; Koornneef et 
al., 1994). 
The basis of the molecular mechanism of the early flowering response to vernalisation is 
the down-regulation of FLC expression (Sheldon et al. , 1999). The level of FLC expression 
is high in the late-flowering vernalisation-responsive mutants fca, fve, fpa and Id and in late 
flowering ecotypes such as Pitztal; conversely, vernalisation non-responsive ecotypes and 
mutants have low levels of FLC expression (Michaels and Amasino , 1999a; Sheldon et al. , 
1999). The quantitative nature of the vernalisation response described some years ago 
(Martinez-Zapater and Somerville, 1990) can be explained by the extent of decrease in 
FLC expression levels, which is proportional to the length of the vernalisation period 
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(Michaels and Amasino, 1999a; Sheldon et al., 1999). Plants that overexpress FLC require 
longer vernalisation periods than normal to flower early, further demonstrating the 
importance of FLC as a key regulator of the vernalisation response (Sheldon et al. , 1999). 
However, an FLC-independent vernalisation pathway has also been proposed to exist, 
because after a 70 day vernalisation treatment, null fie plants flower with half the number 
of leaves of unvernalised plants (Michaels and Amasino, 2001 ). 
The recently identified VIP4 (VERNAL/SA TION INDEPENDENCE 4) gene is a positive 
regulator of FLC expression. In the unvernalised vip4 mutant, FLC expression is 
decreased, causing early flowering (Zhang and van Nocker, 2002). However, the 
expression of VIP4 is not affected by vernalisation, demonstrating that FLC suppression 
does not result from VIP4 down-regulation and suggesting that VIP4 is not sufficient to 
activate FLC in vernalised plants (Zhang and van Nocker, 2002). 
Mutants which have a reduced response to vernalisation have provided further clues to the 
vernalisation mechanism. The vrn 1 and vrn2 mutants were isolated in the late flowering 
vernalisation-responsive autonomous mutant fca (Chandler et al., 1996). VRN1 encodes a 
nuclear-localised DNA-binding protein (Levy et al. , 2002) and VRN2 encodes a nuclear-
localised zinc finger protein that is homologous to the Drosophila Polycomb Group (PcG) 
protein Suppressor of Zeste 12 (Su(Z)12) (Gendall et al. , 2001 ). Both VRN1 and VRN2 are 
required for the post-vernalisation stable repression of FLC throughout development, but 
not for its initial decrease (Gendall et al. , 2001; Levy et al., 2002). Overexpression of 
VRN1 causes early flowering , not by decreasing FLC expression but by up-regulating 
SOC1 and FT expression (Levy et al. , 2002) , indicating that VRN1 has multiple roles in 
promoting flowering. 
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A gene which responds positively to vernalisation has also been identified. EARLl1 
encodes a small hydrophobic praline-rich protein (Wilkosz and Schlappi, 2000). The 
expression of the EARLl1 gene is inversely correlated to that of FLC, but it is not known 
whether FLC represses EARLl1. The expression of EARLl1 increases both after a 
vernalisation treatment and in early flowering ecotypes, but it has yet to be determined 
whether this gene is necessary for vernalisation (Wilkosz and Schlappi, 2000). 
1.12 GA promotion pathway 
The plant hormone gibberellic acid (GA) promotes flowering in many species, even in non-
inductive conditions (Zeevart, 1983), and has long been known to be important in the 
promotion of flowering in Arabidopsis (Langridge, 1957). The GA promotive pathway is 
usually placed as a pathway parallel to the other three flowering pathways. The application 
of exogenous GA decreases the flowering time of all known late flowering mutants 
(Chandler and Dean, 1994), and combining GA mutants with photoperiod mutants (Putterill 
et al. , 1995) or autonomous mutants (Chandler and Dean, cited in Simpson et al., 1999) 
yields phenotypes consistent with GA acting in a separate promotive pathway. There are 
two general types of GA mutants with altered flowering phenotypes; those with mutations 
in GA biosynthetic genes, and those with mutations in the GA signal transduction pathway 
downstream of the biosynthesis pathway. Repeated applications of exogenous GA 
restores normal growth of GA biosynthesis mutants (Koornneef and van der Veen , 1980), 
but not of GA signal transduction mutants (reviewed in Ross et al., 1997). 
The GA biosynthesis mutant ga1-3 has a deletion in the kaurene synthase gene GA 1 
(Koornneef et al. , 1983), and as a result, synthesises very little ent-kaurene (Sun and 
Kamiya, 1994), which is an early intermediate in the GA biosynthesis pathway. The ga1-3 
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mutant is extremely dwarfed , flowers very late in LO or under constant light, but does not 
flower at all in SD (Wilson et al. , 1992), demonstrating that GA is absolutely required for 
flowering in Arabidopsis under SD conditions. 
GA signal transduction mutants fall into one of two classes. Mutant of the GA non-
responsive dwarf class germinate poorly, have dark green compact leaves and flower 
significantly later than wild type plants. Such mutants include gai (GA-insensitive; 
Koornneef et al. , 1985) and shi (short internodes; Fridborg et al., 1999). The gai mutant 
has a gain-of-function mutation in a repressor of the GA signal transduction pathway; the 
mutant gai repressor is insensitive to GA (Peng et al. , 1997). The shi mutant phenotype 
results from overexpression of SHI, a gene with similarities to zinc-finger transcription 
factors. Like GAi, SHI is also a negative regulator of GA signal transduction (Fridborg et 
a/., 1999). In contrast to the GA-insensitive mutants, the class of so-called GA 
"overexpressors" resemble wild type plants treated with excessive GA. These mutants are 
pale green, have elongated stems and long petioles, and flower earlier than wild type 
plants. Mutants include rga (Repressor of the ga1-3 mutant; Silverstone et al. , 1997) and 
spy (SP/NOL Y; Jacobsen and Olsewski , 1993). The wild type RGA, RGA homologues and 
SPY gene products are negative regulators of the GA biosynthesis pathway (Jacobsen 
and Olsewski , 1993; Jacobsen et al., 1996; Silverstone et al. , 1997; Sun , 2000) , with their 
main role being to delay the juvenile-to-adult transition (Dil l and Sun, 2001). RGA has a 
high degree of homology to GAi (Silverstone et al., 1998), and SPY is thought to play a 
role in the post-translational activation of both RGA and GAi (Thornton et al. , 1999). 
The net result of flux through the GA biosynthesis and signal transduction pathway is 
upregulation of the FMI gene LFY (Blazquez et al. , 1998). The late flowering phenotype of 
the ga1-3 mutant is due to a lack of LFYpromoter induction (Blazquez et al. , 1998), and a 
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LFY promoter sequence with similarities to myb transcription factor binding sites is 
proposed to act as a GA response element (Blazquez and Weigel, 2000). Another gene 
which upregulates LFY via the GA-mediated pathway to flowering is FPF1 (FLOWERING 
PROMOTING FACTOR 1; Kania et al., 1997). Overexpression of FPF1 causes 
upregulation of LFY and early flowering. FPF1 expression is proposed to enhance the 
responsiveness of the apical meristem to GA (Kania et al., 1997; Melzer et al., 1999), 
making the meristem more competent to respond to LFY (Melzer et al., 1999). 
1.13 Integration of the floral promotion pathways 
The more information that is gathered about the four flowering pathways, the more it 
seems likely that they should be seen not as discrete entities but instead as interacting 
sections of a complex network. These interactions become apparent when functions of 
one pathway are revealed only in the presence of a defect in another pathway, or in 
conditions that affect the operation of another pathway. For example, under SD conditions, 
when the photoperiod pathway is compromised, the autonomous, GA and vernalisation 
pathways become relatively more important. This capacity to respond in different ways to 
different signals gives plants the flexibility to adapt to a wide range of environmental 
conditions. 
Many interactions between the four floral promotion pathways have been identified by the 
construction of double mutant plants. For instance, the photoperiod mutants ft, fe and fha, 
which have wild type levels of FLC expression, exhibit an increase in FLC levels when 
combined with the autonomous pathway mutants fca and fpa, showing that these wild type 
photoperiod genes can downregulate FLC in the absence of functioning autonomous 
pathway genes (Rouse et al., 2002). Photoperiod mutants also interact with GA signal 
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transduction mutants, with both co and gi enhancing the late flowering phenotype of GAi 
mutants (Simon and Coupland, 1996). GI interacts at the protein level with SPY, indicating 
further crosstalk between the GA and photoperiod pathways (N.E. Olszewski, cited in 
Meier et al., 2001 ). 
GA accelerates flowering of autonomous pathway mutants such as fca (Bagnall, 1992). 
The autonomous mutant fpa, previously proposed to link the autonomous and photoperiod 
pathways (Koornneef et al., 1998b), was also identified in a screen for GA response 
mutants (Meier et al., 2001 ). In the presence of a null FLC allele, fpa displays a phenotype 
reminiscent of GA-deficiency (Michaels and Amasino, 2001 ), indicating further interactions 
between the GA and autonomous pathways. Interactions have also been proposed to 
occur between the GA and vernalisation pathways, one example being that of an increase 
in the metabolism of a GA precursor, kaurenoic acid, in shoot tips of vernalised plants 
(Hazebroek and Metzger, 1990). 
The complicated network of flowering pathways ultimately converges at several points to 
trigger the initiation of floral structures via activation of AP1 and floral organ genes (Figure 
1.3). The most important points of integration identified to date are at the floral promoters 
LFY, FT and SOC1. LFY expression is upregulated by the photoperiod, autonomous and 
GA pathways (Simon et al., 1996; Blazquez et al. , 1998, Nilsson et al. , 1998) and 
overexpression of LFY overcomes the late flowering of the co, fca, fve and gai mutants 
(Nilsson et al., 1998). Discrete elements in the LFY promoter have been identified as 
targets of GA, and indirectly, via SOC1, of CO (Blazquez and Weigel, 2000), 
demonstrating that LFY is a convergence point of several floral inductive signals. 
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Figure 1.3. Interactions among floral promotion pathway genes in Arabidopsis tha!iana. 
Integration points LFY, SOC1 and FT are circled. 
Like LFY, FT and SOC1 are upregulated by the photoperiod pathway, via CO (Onouchi et 
al. , 2000; Samach et al., 2000), but are also repressed by FLC (Samach et al., 2000; 
Michaels and Amasino, 2001 ). The FLC-mediated repression of FT and SOC1 is 
overcome by vernalisation (Lee et al., 2000). SOC1 is also up-regulated by GA (Borner et 
al., 2000), making SOC1 a convergence point of all four floral promotive pathways. 
1. 14 DNA methylation and the floral transition 
If the floral promotion pathways are to function as an effective network, proper regulation 
of gene expression is of the utmost importance. As described in section 1.5, DNA 
methylation plays important roles in the regulation of gene expression and development in 
plants. Numerous instances of interactions between DNA methylation and components of 
the flowering response have been observed, indicating a role for methylation in the 
regulation of flowering. 
A role for DNA methylation in the vernalisation response was suggested by the 
observation that vernalisation of tobacco cells or Arabidopsis results in a decrease in 
methylation levels (Burn et al., 1993; Finnegan et al. , 1998a). For the vernalisation signal 
to be effective, it must be perceived by actively dividing tissue at the plant apex (Schwabe, 
1954; Wellensiek, 1964) and is inherited through mitotic cell division, as plants flower well 
after their exposure to cold, i.e. after the vernalisation signal is perceived. The 
vernalisation signal is reset at meiosis, because the progeny of vernalised plants must also 
be vernalised in order to induce flowering (Lang , 1965). These properties of the 
vernalisation signal suggest that an epigenetic mechanism, such as DNA methylation, 
could act as the signal (Burn et al. , 1993; Dennis et al., 1998). 
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Experiments using the chemical demethylating agent 5-azacytidine (5-azaC) have 
provided further supporting evidence for a role for DNA methylation in the vernalisation 
signal. 5-azaC is incorporated in place of cytosine during DNA replication, and is 
unable to be methylated; it is also thought to act by inhibiting cytosine methyltransferases, 
resulting in an overall decrease in methylation levels (Jones, 1985). When late flowering 
Arabidopsis ecotypes and mutants are treated with 5-azaC, some flower earlier than wild 
type plants. The early flowering response is limited to those ecotypes and mutants which 
are also responsive to vernalisation, indicating that demethylation by 5-azaC can partially 
substitute for a vernalisation treatment (Burn et al., 1993). Further evidence of a role for 
methylation in the transition to flowering came from the MET/ antisense plants described in 
section 1.5.2. Arabidopsis MET/ antisense plants of the C24 ecotype, which have up to a 
90 % reduction in CG methylation levels, flower earlier than wild type plants in the absence 
of a vernalisation treatment. This demonstrates that as for 5-azaC treatment, 
demethylation caused by reducing methyltransferase activity can also partially substitute 
for vernalisation (Finnegan et al., 1996). However, methylation does not fully compensate 
for cold treatment, as vernalised wild type plants still flower earlier than MET/ antisense 
plants (Finnegan et al., 1998a). 
Just as vernalisation results in a decrease in expression of the floral repressor FLC, the 
response of MET/ antisense plants to demethylation has also been correlated with a 
decrease in FLC expression (Sheldon et al., 1999). Earlier studies had proposed that 
vernalisation led to the demethylation and subsequent transcriptional activation of a gene 
promoting flowering, perhaps one involved in increasing GA biosynthesis (Burn et al. , 
1993). The observation that FLC expression is decreased by demethylation, although 
appearing contrary to this earlier model, can be reconciled if a repressor of FLC is 
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activated by demethylation, or if changes in the methylation status of FLC promoter are 
responsible for the decrease in FLC expression (Sheldon et al. , 2000). 
Although reducing methylation in plants of the C24 ecotype results in early flowering, this 
is not always so in other ecotypes. Introduction of the MET/ antisense construct into plants 
of the Col ecotype delays flowering in comparison to wild type plants (Ronemus et al. , 
1996). A reduction in DNA methylation levels caused by a mutation in the DDM1 gene 
(Vongs et al., 1993) also causes late flowering in Col (Kakutani, 1997). Recently, it has 
become apparent that the different FLC and FWA alleles of these two ecotypes may be 
responsible for the opposing effects of demethylation on flowering time (Genger et al., 
2002). The late flowering phenotype of both the fwa mutant identified by Koornneef et al. 
(1991) and the ddm1 mutant results from ectopic expression of the floral repressor FWA, 
which is normally repressed by methylation of direct repeats within the 5' region of the 
gene (Soppe et al. , 2000). As Col does not have significant levels of FLC expression 
(Sheldon et al., 1999), switching off FLC by demethylation does not promote flowering . 
Methylation has also been implicated in the regulation of genes normally involved in the 
formation of floral structures. In MET/ antisense plants, the floral genes AG and AP3 are 
ectopically expressed in leaves (Finnegan et al., 1996), whereas in wild type plants, these 
genes are expressed only in floral tissue (Weigel and Meyerowitz, 1994). The w/c (wavy 
leaves and cotyledons) early flowering mutant, in which repetitive sequences are 
hypomethylated, also expresses AG and AP3 ectopically in leaves (Bancroft et al. , 1993; 
Hutchison and Dean, cited in Levy and Dean, 1998). 
Floral abnormalities are observed in MET/ antisense plants, with phenotypes reminiscent 
of superman, superman agamous, apelata1 and apetala2 mutants (Finnegan et al. , 1996). 
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These phenotypes are thought to be associated with a dysregulation of gene expression, 
due perhaps to either changes in methylation status of promoter sequences or alterations 
in chromatin structure (Finnegan et al., 1996). As described in section 1.5.5, epialleles of 
superman in mutagenised plants are densely methylated and silenced, and 
hypermethylation of SUP in the low methylation background of MET/ antisense plants 
(Jacobsen and Meyerowitz, 1997; Kishimoto et al., 2001) leads to the sup mutant 
phenotype of extra stamens (Bowman et al., 1992), demonstrating the importance of 
normal methylation patterns in maintaining the appropriate expression of these genes. 
Floral abnormalities such as reduced sepal number and unfused carpels also occur in 
repeatedly selfed ddm1 mutants, where the ddm1 mutation causes heritable lesions at 
unlinked loci (Kakutani et al., 1996). 
Several genes involved in flowering share sequence similarity with the Drosophila PcG 
genes. As described in section 1.5.2, PcG proteins establish and maintain silencing of 
homeotic genes throughout development via effects on higher order chromatin structure. 
Mutations in the CLF gene, which is in the same sequence family as the Enhancer of zeste 
PcG gene, cause early flowering and ectopic expression of AG and AP3 in leaves 
(Goodrich et al. , 1997). VRN2 and EMF2, which are also involved in flowering, show 
sequence similarity to the Su(Z)12 class of PcG genes (Gendall et al., 2001; Yoshida et 
al. , 2001 ). The similarity of these and other genes to PcG genes, combined with the 
involvement of chromatin remodeling genes such as DDM1 in the floral transition, 
indicates that alteration of chromatin structure and DNA methylation are very important in 
the control of flowering (Blazquez et al., 2001 ). 
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1.15 Scope of thesis 
This thesis examines the role of methylation in several aspects of the transition to 
flowering in Arabidopsis. Chapter Three investigates possible roles for the 
methyltransferase genes MET/la and MET/lb. Decreasing the expression of the METIi 
genes had no detectable effect on global methylation levels but still promoted flowering, 
suggesting that METIi might methylate highly specific sequences. Genes involved in 
photosynthesis were upregulated in a line with low levels of METIi expression, suggesting 
that METIi might regulate the expression of a gene/s upstream of photosynthetic genes. 
Chapter Four analyses the opposing effects of demethylation on flowering time in two 
different ecotypes of Arabidopsis. This work showed that ddm1-induced demethylation 
could down-regulate expression of the floral repressor FLC. It also suggested that FLC 
expression is more likely to be down-regulated by changes in chromatin structure than by 
direct methylation e.g. of promoter sequences. 
Chapter Five explores some of the interactions between demethylation, vernalisation and 
GA in a background with elevated levels of FLC expression. This work showed that GA 
and vernalisation promote flowering via separate pathways. It also suggested that some 
interactions might exist between _demethylation and GA in the promotion of flowering . 
. Chapter Six draws together the general conclusions of the research presented in this 
thesis and discusses possibilities for future investigations. 
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Chapter 2: Materials and Methods 
2.1 Transformation of Arabidopsis 
Arabidopsis seeds were sown in pots in a mixture of 50:50 river sand:compost and placed 
at 4 °C for 2 d to break dormancy. Pots were then transferred to a 21 °C glasshouse with a 
light intensity of 100 µEinsteins (µE; µM m-2 s-1) and the plants were grown for 6-8 weeks. 
After flowering had occurred, the bolting stems were trimmed back to encourage growth of 
secondary bolts, and allowed to grow for a further 4-5 d. Mature and developing siliques 
were trimmed from the plants before the pots were inverted and dipped into transformation 
solution (section 2.2) for 5 min. The pots were drained briefly and covered in plastic wrap 
to create a humid environment, and left at room temperature (RT) overnight before being 
returned to the glasshouse. Siliques were allowed to develop and were harvested 
approximately 3 weeks after dipping. Seed was then allowed to dry for at least one week 
before screening (section 2.3). The transformation protocol described is a modification of 
the method of Bechtold et al. ( 1993). 
2.2 Agrobacterium solution for transformation 
Agrobacterium tumefaciens bacterial stocks were stored in 80 % glycerol at -80 °C and 
were streaked onto LB-agar plates containing 25 µg/ml kanamycin and 50 µg/ml 
rifampicin when required . After 2-3 d growth at 29 °C, a generous scraping of bacteria was 
used to inoculate 50 ml of LB-broth. The 50 ml culture was shaken overnight at 29 °C 
before being added to 500 ml LB-broth , which was shaken at 29 °C for a further 36 h. A 
250 ml aliquot of the culture was centrifuged for 20 min at 5000 x gin a Beckman JA-10 
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rotor at RT and the pellet was resuspended in 1 l of resuspension media containing 5 % 
sucrose, 0.1 mg/ml benzylaminopurine and 0.05 % Silwet "Vac-ln-Stuff' wetting agent 
(Clough & Bent, 1998). 
2.3 Screening transformed seeds 
Seeds harvested from dipped plants were surface sterilised by shaking for 5 min in a 
solution containing 5 % sodium hypochlorite and 5 drops of Triton X-100 detergent per 
100 ml, followed by 5 rinses in sterile distilled water. Sterile seeds were resuspended in 
5 ml of 0.15 % Bacto-agar and sown onto large MS-agar Petri plates (Murashige and 
Skoog, 1962). The MS-agar plates also contained 30 µg/ml kanamycin, as the vectors 
used for transformation contained the selectable Npt/1 marker gene, which confers 
resistance to the antibiotic kanamycin (pBin19; Frisch et al., 1995). The plates were sealed 
with 3M Micropore tape and kept at 4 °C for 2 d before being transferred to a growth 
cabinet with a light intensity of 100 µE. Kanamycin-resistant transformed seedlings were 
readily identifiable after approximately 10 d. Untransformed seedlings were bleached and 
died after germination. Three to four week old kanamycin-resistant plants were transferred 
to soil, and DNA was extracted from a single leaf of each putative transformed plant for 
PCR analysis as per section 2.4. 
· 2.4 PCR screening of putative transformed plants 
DNA was extracted from a single leaf of putative transformed plants using a modification of 
the Edwards plant DNA mini-preparation (section 2.5.3) and was analysed by polymerase 
chain reaction (PCR) for the presence of either the selectable Npt/1 gene, the MET/11.2 kb 
antisense transgene or the MET/ antisense transgene. PCR reactions typically contained 
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10 mM Tris pH 8.3, 50 mM KCI, 2 mM MgCl2, 200 µMeach of dATP, dTTP, dGTP and 
dCTP, 1 µM of each primer, 1 unit of Perkin-Elmer Taq polymerase and 1 µl of Edwards 
mini-preparation template DNA in a final volume of 20 µL. Primers for the Npt/1 gene were 
GAG GCT ATT CGG CTA TGA (NPTII l) and ACT TCG CCC AAT AGC AG (NPTII R). 
Primers for the 1.2 kb METIi antisense transgene were CGA TGA TTG TGT CTC TAC T 
(1.2AS1) and GAC GTA AGG GAT GAC GC (35SPRO). Primers for the MET/ antisense 
transgene were 35SPRO and CGA TCT CAG GGG TTT CCG G (ASMT01). 
Cycling conditions for PCR reactions were as follows: one cycle of 94 °C 4 min, 50 °C 
30 sec, 72 °C 30 sec; 34 cycles of 94 °C 10 sec, 50 °C 10 sec, 72 °C 30 sec; and a final 
cycle of 72 °C 10 min, 25 °C 2 min. Reaction products were resolved on 2 % agarose gels 
containing 50 µg/ml ethidium bromide (EtBr). 
2.5 DNA extraction procedures 
2.5.1 CsCI DNA extraction 
The CsCI DNA extraction method was used when samples of high purity were required, 
e.g. for HPlC analysis. Five grams of leaf material was ground to fine powder in liquid 
nitrogen and transferred to 5 ml ·of extraction buffer containing 2 % CTAB, 100 mM Tris 
pH 8.0, 20 mM EDTA, 1.4 mM NaCl and 2 % ~-mercaptoethanol, preheated to 65 °C. 
The sample was incubated at 65 °C for at least 5 min, after which 10 ml of 24: 1 
chloroform:isoamyl alcohol was added. The samples were shaken at RT for 15 min and 
centrifuged for 15 min at 1700 x gin a Jouan C312 benchtop centrifuge at RT. The 
aqueous layer was transferred to a fresh tube and the chloroform:isoamyl extraction was 
repeated. The aqueous layer was transferred to a 30 ml Corex tube and the DNA was 
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precipitated at RT overnight by the addition of 10 ml of buffer containing 1 % CTAB, 
50 mM Tris pH 8.0, 10 mM EDTA and 1 % ~-mercaptoethanol. The sample was then 
centrifuged for 10 min at 14 000 x g in a Beckman JS 13.1 rotor at 4 °C and the 
supernatant was discarded. The pellet was resuspended in 2 ml of a solution containing 
1 M CsCI, 50 mM Tris pH 8.0, 5 mM EDTA and 50 mM NaCl and left to resuspend for 
several hours. After the addition of 20 µl EtBr, the sample was overlaid onto a 2.5 ml 
cushion of 5. 7 M CsCI solution containing 50 mM Tris pH 8.0, 5 mM EDTA and 50 mM 
NaCl. The gradient was centrifuged for 18 h at 36 000 rpm in a Beckman SW55 Ti rotor at 
20 °C. After centrifugation, the genomic DNA band was removed using an 18 gauge 
needle punctured through the side of the centrifuge tube. The EtBr was extracted from the 
DNA sample by the addition of 3 aliquots of an equal volume of CsCl-saturated 
isopropanol, and the DNA was precipitated overnight at RT with 3 vol of 70 % ethanol. The 
DNA sample was pelleted by centrifuging for 15 min at 13 000 x g in a microfuge at RT 
and the supernatant was discarded. The pellet was resuspended in 200 µl TE buffer 
(10 mM Tris-Cl pH 8.0, 1 mM EDTA) and allowed to dissolve for several hours before 
being re-precipitated with 0.1 vol 3 M sodium acetate and 2 vol 100 % ethanol overnight at 
RT. The samples were centrifuged as above and the pellet was air-dried for 15 min before 
being resuspended in 100 µl TE buffer. DNA yield was then estimated by measuring the 
absorbance of the solution at 260 nm. 
· 2.5.2 Dellaporta DNA extraction 
The Dellaporta DNA extraction method was used when DNA samples of high purity were 
not required, e.g. for Southern analysis, and is based on the method of Dellaporta et al. 
(1983). One gram of leaf material was ground to fine powder in liquid nitrogen and 
transferred to 15 ml of extraction buffer containing 100 mM Tris pH 8.0, 50 mM EDTA, 
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500 mM NaCl and 10 mM ~-mercaptoethanol. One millilitre of 20 % SOS was added and 
the sample was thoroughly shaken before being incubated at 65 °C for 10 min. After 
incubation, 5 ml of 5 M potassium acetate was added. The sample was thoroughly 
shaken and was then placed at O °C for 20 min. The sample was then centrifuged for 20 
min at 20 000 x gin a Sorvall SA-600 rotor at 4 °C. After centrifugation, the supernatant 
was filtered through Miracloth (Calbiochem Corporation) into a 30 ml Corex tube 
containing 10 ml isopropanol. The sample was mixed thoroughly and incubated at -20 °C 
for 30 min before centrifugation for 15 min at 20 000 x g in a Sorvall SA-600 rotor at 4 °C. 
The supernatant was discarded and the pellet was drained for 5 min before being 
resuspended in 0. 7 ml of a solution containing 50 mM Tris pH 8 and 10 mM EDTA. Once 
the pellet had resuspended, the sample was transferred to a 1.5 ml microfuge tube and 
centrifuged for 10 min at 13 000 x gin a microfuge at RT to pellet insoluble debris. The 
supernatant was transferred to a fresh microfuge tube and treated with 1 µl of 10 mg/ml 
RNAse for 10 min at RT, and was then mixed well with an equal volume of 1 :1 
phenol:chloroform. The samples were centrifuged for 10 min at 13 000 x gin a microfuge 
at RT, the aqueous phase was transferred to a fresh tube and the DNA was precipitated 
by the addition of 0.1 vol 3 M sodium acetate pH 5.2 and 0.6 vol isopropanol. The samples 
were then centrifuged for 10 min at 13 000 x g in a microfuge at RT, and the 
supernatant was discarded. The pellet was washed with 1 ml of 70 % ethanol and re-
centrifuged as above, the supernatant was again discarded and the pellet was 
resuspended in 100-200 µl TE buffer. DNA yield was then estimated by measuring the 
absorbance of the solution at 260 nm. 
A scaled-down version of the Dellaporta DNA extraction protocol was used when only 10-
15 leaves were available, with all given volumes reduced by half. 
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2.5.3 Edwards DNA mini-preparation 
DNA to be used as a template for PCR was extracted from a single leaf using a 
modification of the Edwards plant DNA mini-preparation (Edwards et al., 1991 ). Leaf tissue 
was ground with a 1000 µL pipette tip in a 1.5 ml microfuge tube and 450 µL of extraction 
buffer containing 200 mM Tris pH 7.5, 250 mM NaCl, 25 mM EDTA and 0.5 % SOS was 
added. The sample was vortexed for 5 seconds and centrifuged at for 1 min at 13 000 x g 
in a microfuge at RT. A 300 µL aliquot of the supernatant was transferred to a fresh 
microfuge tube and an equal volume of isopropanol was added. The sample was mixed 
thoroughly and incubated at room temperature for 2-3 min. The sample was then 
centrifuged for a further 5 min as above and the supernatant was discarded. The pellet 
was air dried for 10 min and was then resuspended in 50 µL of TE buffer and stored at 
-20 °C. 
2.6 DNA analysis 
2.6.1 Genomic digests and Southern analysis 
Genomic DNA (1-5 µg) was digested in 1 x universal restriction buffer (33 mM Tris acetate 
pH 7.9, 66 mM potassium acetate, 10 mM magnesium acetate, 0.5 mM dithiothreitol), 
2 mM spermidine, 10-20 units of restriction enzyme, and 100 µg/ml gelatin to make up a 
final volume of 50 µL. Digests were incubated overnight at the required temperature for 
each enzyme and then reduced to approximately 20 µL in a Savant Speed-vac vacuum 
centrifuge. The digests were then electrophoresed through 1 % agarose in 1 x TAE 
(Sambrook et al, 1989). After electrophoresis, the gels were stained for 15 min in 50 µg/ml 
EtBr. After a 5 min depurination treatment in 0.1 N hydrochloric acid, the DNA was 
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transferred to Hybond-N+ nylon membranes (Amersham) in 0.4 N sodium hydroxide 
overnight. The DNA was fixed to the membranes by exposure to UV light in a Stratagene 
1800 UV-Stratalinker, the membranes were rinsed in 2 x SSC (0.15 M NaCl, 0.015M 
sodium citrate pH 7.0) for 2 min, wrapped in clingfilm and stored at 4 °C. 
Membranes were pre-hybridised at 42 °C (low stringency) or 65 °C (high stringency) 
for 2-3 h in 30-40 ml of a solution containing 0.5 M sodium phosphate buffer pH 7.2, 1 % 
BSA, 7 % SOS and 1 mM EDTA. Radiolabelled DNA probes (labelled using a-32P dCTP 
and the Dupont Random Primer Extension Kit) were mixed with 1 ml of 6 mg/ml salmon 
sperm DNA, boiled for 2 min, chilled for 2 min and then added to the membranes with 
10 ml of pre-hybridisation solution. After overnight hybridisation at either 42 °C or 65 °C, 
membranes were washed twice at RT in 2 x SSC, 0.1 % SOS; twice at RT in 0.2 x SSC, 
0.1 % SOS; and twice at 65 °C in 0.2 x SSC, 0.1 % SOS. Filters were then exposed either 
to x-ray film (Kodak) at -80 °C, or on Phosphorimager screens (Molecular Dynamics, 
Sunnyvale, CA, USA) at RT. 
2.7 RNA extraction procedure 
The RNA extraction protocol was based on that of longemann et al. (1987). One gram of 
leaf material was ground to a fine powder in liquid nitrogen in a pre-cooled mortar. Two 
millilitres of buffer containing 8 M guanidine hydrochloride, 20 mM MES pH 7.0, 20 mM 
EDT A and 50 mM ~-mercaptoethanol was added to the mortar and allowed to freeze. 
Upon thawing, the powder-buffer mix was ground further, then transferred to a 10 ml 
plastic centrifuge tube. Three millilitres of water-saturated phenol:chloroform:isoamyl 
alcohol (25:24: 1) was added, the samples were shaken for 10 min at RT, and were then 
centrifuged for 15 min at 1700 x gin a Jouan C312 benchtop centrifuge at RT. The 
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aqueous phase was transferred to a fresh 10 ml plastic tube and the 
phenol:chloroform:isoamyl alcohol extraction was repeated. The aqueous phase was 
transferred to a 15 ml Corex tube and the nucleic acids were precipitated with 0.2 vol 1 M 
acetic acid and 0. 7 vol 100 % ethanol at -20 °C overnight. The sample was centrifuged for 
25 min at 14 000 x gin a Beckman JS13.1 rotor at 4 °C, and the supernatant was 
discarded. The pellet was dissolved in 1 ml of DEPC-H20, transferred to a 1.5 ml 
microfuge tube, and the RNA was precipitated with 220 µl of 10 M lithium chloride at 4 °C 
for 3-4 h. The sample was centrifuged for 15 min at 13 000 x g in a microfuge at 4 °C and 
the supernatant was discarded. The pellet was resuspended in 500 µl DEPC-H20 and the 
RNA was precipitated with 0.1 vol 3 M sodium acetate and 2 vol 100 % ethanol at -20 °C 
overnight. The sample was centrifuged as above, the pellet was resuspended in 500 µl 
DEPC-H20 and the RNA yield was estimated by measuring the absorbance of the 
solution at 260 nm. The RNA was precipitated as above and the pellet was resuspended in 
DEPC-H20 at a final concentration of 5 µg/µL. RNA samples were stored at -20 °C for 
short term storage (1-2 months) or at -80 °C for long term storage. 
2.8 RNA analysis 
2.8.1 RNA gels and Northern analysis 
Ten micrograms of total RNA was added to 20 µl sample buffer containing 65 % 
formamide, 20 % formaldehyde, 12.5 % 10 x MOPS buffer (0.2 M MOPS pH 7.2, 50 mM 
sodium acetate, 10 mM EDTA) and 0.025 % EtBr. RNA samples were made up to a final 
volume of 25 µl with DEPC-H20 and were incubated at 65°C for 5 min before being 
electrophoresed through a 1.1 % agarose gel containing 1 x MOPS and 18 % 
formaldehyde. Separated RNA samples were transferred to Hybond-N filters (Amersham) 
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overnight in 20 X SSC and were fixed by exposure to UV light in a Stratagene 1800 UV-
Stratalinker. Filters were rinsed in 2 x SSC for 2 min, wrapped in clingfilm and stored at 
4 °C until use. 
Filters were pre-hybridised at 55 °C for 2-3 h in 10 ml of pre-hybridisation buffer (50 % 
formamide, 250 mM sodium phosphate pH 7.2, 250 mM NaCl, 1 mM EOTA, and 7 % 
SOS). Radiolabelled RNA probes (labelled using a-32P dUTP and the Epicentre 
Technologies Riboscribe riboprobe extension kit) were added to the pre-hybridisation 
solution. After overnight hybridisation at 55 °C membranes were washed and exposed as 
per section 2.6.1. Filters requiring RNAse A treatment to remove background signals due 
to ribosomal trapping were washed three times in 2 x SSC for 10 min at RT, then treated 
with 2 µg mL-1 RNAse A in 2 x SSC for 15 min at RT. RNAse-treated filters were then 
washed for 15 min in 0.1 x SSC, 0.1 % SOS at 65 °C according to the method of Oolferus 
et al. (1994). 
2.8.2 RT-PCR 
Total RNA was isolated from 19 d old seedlings grown on MS plates as per section 2.3. 
RNA (10-100 µg) to be used as a template for RT-PCR was treated with 1-5 units of RQ1 
ONase in 1 x RQ1 restriction buffer (Promega) and OEPC-treated H20 in a final volume of 
100 µL. The reaction was incubated at 37 °C for 15 min, a further 1-5 units of enzyme 
were added, and the reactions were incubated at 37 °C for another 15 min. The samples 
were then extracted with an equal volume of water-saturated phenol:chloroform, shaken 
thoroughly and centrifuged for 3 min at 13 000 x g in a microfuge at RT. The aqueous 
layer was transferred to a fresh microfuge tube and the RNA was precipitated with 0.1 vol 
3 M sodium acetate and 2 vol 100 % ethanol overnight at -20 °C. The samples were 
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centrifuged for 15 min at 13 000 x g in a microfuge at 4 °C, the supernatant was carefully 
aspirated and the pellet was resuspended in 20-40 µl of DEPC-H2O. 
RT-PCR was performed using the Access RT-PCR system (Promega). RT-PCR reactions 
contained 1 x AMVRT/Tfl buffer, 2.5 mM MgSO4 , 0.2 mM dNTP's, 50 ng each primer, 
2 units of AMV reverse transcriptase, 2 units of Tf/1 polymerase and 1 µg of DNase-treated 
RNA in a final volume of 20 µL. Primers were designed to span intrans, thus providing a 
size differential between products amplified from contaminating genomic DNA and from 
cDNA. 
2.9 Flowering time experiments 
Seeds to be used for flowering time experiments were surface sterilised as per section 2.3 
and sown either in individual sterilised test tubes containing 7 ml of MS-noble agar (pH 
7.0) with 1 x MS iron, macro- and micro-nutrients, 0.2 x MS vitamins (Murashige and 
Skoog, 1962) and 1.5 °/o sucrose, or on large Petri plates containing approximately 100 ml 
of MS-noble agar as above. The seeds were incubated at 4 °C for 2 d to break dormancy 
and were then transferred to a growth cabinet kept at 21 °C. Seeds which were to be 
vernalised were incubated in darkness at 4 °C for 3 weeks before being transferred to the 
same growth cabinet. Seeds which were to be treated with gibberellic acid (GA) had a final 
concentration of 10-4 M GA3 added to the growth media before the tubes or plates were 
poured. 
Racks and plates were moved daily to ensure that all plants received an even amount of 
light. Plants were observed daily and flowering time was recorded as the number of days 
from germination to visible elongation of the bolting stem. The number of rosette leaves 
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present when bolting occurred and the total number of leaves (rosette+ cauline leaves) at 
flowering was also recorded, as a good correlation exists between flowering time and leaf 
number (Koornneef et al., 1991 ). The Mann-Whitney U-test was used to determine 
statistical significance of observed differences in flowering time (Snedecor and Cochran, 
1967). 
2.10 DNA sequencing 
Sequencing was carried out using the Perkin-Elmer "Big Dye" dye terminator sequencing 
kit. PCR reaction products were purified using Qiaquick PCR minicolumns (Qiagen) and 
resuspended in 30 µL TE. Purified template DNA (50-100 ng) was then added to 4 µL Big 
Dye mix and 1 µM primer in a final volume of 10 µL. Cycling conditions for the PCR were 
as follows: one cycle of 95 °C 2 min; 25 cycles of 95 °C 20 sec, 50 °C 15 sec, 60 °C 4 min; 
and a final cycle of 25 °C 1 min. PCR products were precipitated with 5 vol 100 % ethanol 
and 0.02 vol 3 M sodium acetate pH 5.2 for 15 min at -20 °C, then centrifuged for 15 min at 
13 000 x g in a microfuge at 4°C. The supernatant was discarded by aspiration and the 
pellet washed with 500 µL 70 % ethanol, vortexed and recentrifuged as above. The 
supernatant was again aspirated and the pellet was dried in a vacuum centrifuge for 5 min. 
Sequencing was performed using an Applied Biosystems model 370A DNA sequencer and 
sequence data was analysed using GCG software (The Wisconsin Sequence Analysis 
Package, Genetics Computer Group). 
56 
Chapter 3: A role for the methyltransferase METIi in 
Arabidopsis 
3.1 Introduction 
Plant DNA methyltransferases have been identified in many plant species, from pea and 
carrot to maize and tomato (Bernacchia et al. , 1998a, 1998b; Pradhan et al. , 1998; Papa 
et al. , 2001). The crucifer Arabidopsis tha/iana has at least 10 methyltransferase genes 
(The Arabidopsis Genome Initiative, 2000) which fall into at least three classes, known as 
the MET/, GMT and ORM classes (Finnegan and Dennis, 1993; Henikoff and Comai, 
1998; Cao et al. , 2000). 
The Arabidopsis METHYL TRANSFERASE1 (MET/) class has four members; MET/, 
MET/la, MET/lb and METIi/ (Genger et al., 1999). Gene structure, including the position of 
all 11 intrans, is conserved between the members of the MET/ class and they share a high 
degree of sequence identity, especially within the methyltransferase domain (Finnegan 
and Kovac, 2000). MET!, which was the first plant methyltransferase gene to be identified, 
was isolated on the basis of similarity to the mouse methyltransferase Dnmt1 (Finnegan 
and Dennis, 1993). MET/ is the most highly expressed member of this class and is 
expressed in all tissues. MET/la and MET/lb , which share up to 80% identity with MET/ 
(Finnegan and Kovac, 2000) are also ubiquitously expressed , but at levels of about 
10,000-fold lower than MET/ in most tissues (Genger et al., 1999). MET/la and MET/lb are 
most similar to the MET/ class of genes, and are more than 90% identical to each other 
over their entire length (Genger et al., 1999). No expression studies have been reported 
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for METIi/, which is about 80% identical to the METIi genes (Finnegan and Kovac, 2000). 
In the Columbia ecotype, METIi/ encodes a truncated non-functional protein (Genger et 
a/., 1999) but in C24 it encodes an intact reading frame, suggesting that it may be 
functional in this and possibly other ecotypes (EJ Finnegan, personal communication). To 
date, no functions have been attributed to MET/la, MET/lb or METIi/ (Finnegan and Kovac, 
2000). 
Like its mouse counterpart Dnmt1, MET/ acts principally as a maintenance 
methyltransferase and preferentially methylates cytosines within CG dinucleotides in both 
single copy and repeated DNA sequences (Finnegan et al., 1996; Ronemus et al., 1996; 
Kishimoto et al., 2001). As DNA methylation is found not only within CG sequences but 
also within CNG and asymmetric sequences (Bender and Fink, 1995; Oakeley and Jost, 
1996), MET/ cannot be the sole methyltransferase responsible for cytosine methylation in 
Arabidopsis, suggesting roles for other methyltransferases. 
The GHROMOMETHYL TRANSFERASE (GMT) class of methyltransferases, which is 
specific to plants, is distinguished from the MET/ class by the presence of a 
chromodomain within the methyltransferase domain (Henikoff and Comai, 1998). CMT 
enzymes methylate CNG, asymmetric, and to a lesser extent, CG sequences, in regions of 
heterochromatin (Henikoff and Comai, 1998; Bartee et al., 2001; Lindroth et al., 2001 ). The 
third class of methyltransferase, the DOMAINS REARRANGED METHYL TRANSFERASE 
(ORM) class, differs from both the MET/ and the GMT class in the arrangement of the 
conserved amino acid motifs. The ORM class shares similarities with the Dnmt3 class of 
de nova methyltransferases of mice and humans (Cao et al., 2000). 
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DNA methylation is important in many aspects of plant development. MET! insertion 
mutants have recently revealed that METI maintains CG methylation during 
gametogenesis (Saze et al., 2003). Plants expressing an antisense transgene against the 
methyltransferase MET/ (AMT; anti-methyltransferase) have a pleiotropic phenotype, with 
features including reduced apical dominance, altered leaf size and shape, decreased 
fertility and ectopic expression of floral homeotic genes in leaf tissue (Finnegan et al., 
1996; Ronemus et al., 1996). Floral abnormalities caused by homeotic transformation of 
floral organs are also observed in AMT plants (Finnegan et al., 1996). These latter 
phenotypes are associated with local regions of hypermethylation and transcriptional 
silencing (Jacobsen and Meyerowitz, 1997; Jacobsen et al., 2000). As the activity of METI 
is compromised in these plants, and because METI is thought to be a maintenance 
methyltransferase, this de nova local hypermethylation is attributed to the action of other 
methyltransferases; potential candidates are the Dnmt3-like ORM class of 
methyltransferases (Cao et al., 2000). Further evidence for roles of methyltransferases 
other than METI in plant development is provided by the fact that even the most severely 
demethylated AMT lines still have around 10 % of the wild type levels of CG methylation 
(Finnegan et al., 1996). 
Decreasing methylation levels in plants can affect the time taken for flowering to occur. In 
the C24 background, AMT plants flower earlier than wild type plants (Finnegan et al. , 
1998). Flowering in Arabidopsis is also promoted by vernalisation (Napp-Zinn, 1985). The 
early flowering caused by both AMT and vernalisation is associated with a reduction in 
expression of the flowering repressor FLC (Sheldon et al. , 1999). A four-week 
vernalisation treatment reduces methylation levels of wild type Arabidopsis plants by about 
15% compared to unvernalised plants (Finnegan et al., 1998). AMT plants that flowered at 
the same time as vernalised wild type plants had a 70% reduction in methylation, 
59 
indicating that the methylation status of some specific sequences might be important for 
the early flowering response to vernalisation (Finnegan et al., 1998). Demethylation in 
AMT plants decreased but did not prevent a vernalisation response, as they flowered 
earlier still when vernalised (Finnegan et al., 1998), suggesting that perhaps certain sites 
important for the vernalisation response are methylated by an enzyme other than METI. 
The experiments reported in this chapter aimed to investigate the role of the 
methyltransferase gene formerly known as METIi (which after the discovery of the MET/lb 
gene, was renamed MET/la; Genger et al., 1999) in the growth and development of 
Arabidopsis and to determine if like MET/, METIi plays a role in the transition to flowering. 
To enable this investigation, transgenic plants with reduced levels of METIi expression 
were generated and characterised. 
3.2 Materials and methods 
3.2.1 Construct design and transformation 
Two constructs were used to transform Arabidopsis thaliana ecotype C24 (Figure 3.1 ). 
Construct A (gift of R. Genger) contained an antisense 1.2 kb Hindi II fragment of genomic 
DNA spanning motifs I to IV of the methyltransferase domain of METIi. Construct B 
contained a sense 570 bp BamHI fragment of genomic DNA from the 5' end of the amino-
terminal domain of METIi, including 10 bp of 5' untranslated region and 560 bp of coding 
sequence. The sense construct was used with the aim of silencing METIi by 
cosuppression, which can occur in lines with multiple copies of a sense transgene (Napoli 
et al., 1990). The METIi fragments were initially cloned into the pJ35SN plasmid (Finnegan 
et al. , 1996) which contains the constitutive cauliflower mosaic virus 35S promoter. These 
60 
Probe B Probe A 
IXX 
... •1------------------~• ... •1----------~• 
(A) 
p35S 
(8) 
Amino terminal domain 
~1000 amino acids 
tnos3' 
Methyltransferase domain 
~500 amino acids 
Figure 3.1 (A), Structure of the METIi gene. The regions of the 570 bp sense and 1.2 kb 
antisense fragments are shaded dark blue. Positions of conserved amino acid motifs are 
shown in Roman numerals. Regions used as probes in Southern analyses are indicated by 
lines above the figure. (8), Constructs used for transformation of Arabidopsis. The 1.2 kb 
antisense fragment of METIi was cloned into pJ35SN as a Hindi II fragment. The 570 bp 
sense fragment of METIi was cloned into pJ35SN as a BamHI fragment. 
plasmids were then cloned separately into the p8in19 plasmid which contains the Npt/1 
kanamycin resistance selectable marker gene (Figure 3.1; Frisch et al., 1995). The p8in19 
plasmids were then introduced into Agrobacterium tumefaciens strain AGL-1 in a 
triparental mating using the helper strain RK2013. 
The two constructs were transformed into C24 as per sections 2.1 and 2.2. Transformed 
plants were identified by screening T1 seeds on MS medium containing kanamycin as per 
section 2.3. Kanamycin-resistant plants were scored for the presence of the 1.2 kb METIi 
antisense transgene (for plants transformed with construct A) or the Npt/1 selectable 
marker gene (for plants transformed with construct 8) by PCR as per section 2.4. 
3.2.2 Analysis of METIi expression level 
3.2.2. 1 By RT-PCR 
T2 plants were screened using reverse-transcriptase polymerase chain reaction (RT-PCR) 
as per section 2.8.2 to ascertain whether the level of METIi expression was affected. 
Primers for MET/ were GAA TTC CAG CCC ATG GGT AAG (Met1 MIX5') and GAA TTC 
GGG TTG GTG TTG AGG (Met1 MIX3'); primers for METIi were CTT CAT ATT CGC CGG 
AAA CTG C (RTXII) and AGC TAG TAA GGC TTC ATT TCA G (NEWI). Cycling 
conditions for the MET/ RT-PCR were as follows: one cycle of 48 °C 45 min, 95 °C 2 min ; 
one cycle of 95 °C 2 min, 44 °C 30 sec, 71 °C 1 min; nine cycles of 93 °C 10 sec, 44 °C 
10 sec, 71 °C 30 sec; 25 cycles of 93 °C 10 sec, 60 °C 10 sec, 71 °C 30 sec; and a final 
cycle of 93 °C 10 sec, 60 °C 10 sec, 71 °C 5 min , 25 °C 2 min. Cycling conditions for the 
METIi RT-PCR were as follows: one cycle of 48 °C 45 min, 94 °C 2 min; 35 cycles of 94 °C 
30 sec, 58 °C 1 min, 68 °C 30 sec; and a final cycle of 68 °C 7 min, 25 °C 2 min. 
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Reaction products were electrophoresed on 2 °/o agarose gels, transferred to Hybond-N+ 
membranes (Amersham) and hybridised as per section 2.6.1. to either the MET/11.2 kb 
probe A (Figure 3.1) or the MET/ YB cDNA probe. The MET/ probe pBGSY8 consisted of a 
2.8 kb cDNA covering the 3' untranslated region, 1.5 kb of the methyltransferase domain 
and 1.2 kb of the amino terminal domain of MET/. Filters were exposed on 
Phosphorimager screens as per section 2.6.1. Signals were quantified using lmagequant 
software version 3.3. The ratio of METl:MET/1 signal intensities in triplicate samples of 
each transgenic line was normalised to the ratio of METl:MET/1 signal intensities in the 
C24 control line. Transgenic lines that appeared to have reduced levels of METIi 
expression as determined by RT-PCR were analysed further using real time PCR. 
3.2.2.2 By real time PCR 
For real time PCR, RNA was isolated from 19 d old seedlings grown on MS plates as per 
section 2.3 and 100 µg of total RNA was DNAse treated as per section 2.8.2. First strand 
cDNA synthesis was carried out using the Gibco BRL Superscript II kit. One microgram of 
oligo-dT primer was annealed to the DNAse treated RNA at 70 °C for 10 min. The primer-
RNA mix was then added to reverse transcription reaction mix, which contained 50 mM 
Tris-HCI pH 8.3, 75 mM KCI, 3 mM MgCl2 , 10 mM OTT, 0.5 mM dNTPs and 0.2 units of 
Superscript II RNA polymerase. The reverse transcription reaction was incubated for 1 h at 
42 °C. The reaction product was purified using a Qiaquick minicolumn to remove excess 
dNTPs and was resuspended in 30 µL TE buffer. 
PCR reactions were performed using a Corbett Research Rotor-gene 200 real time cycler 
and the results were analysed using Rotor-gene software version 4.3. A standard curve 
was generated for each experiment using 10-fold serial dilutions (from 5,000 fg/µL to 
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0.05 fg/µL) of the MET/ PCR product amplified from C24 cDNA. The standard curve was 
calculated by the Rotor-gene software using cycle threshold (CT) values. The PCR 
product crosses the CT when the fluorescence from incorporated SYBR-Green reaches 
more than 10 standard deviations above the background fluorescence level. The time at 
which the product crosses the CT depends of the concentration of the starting template; 
therefore, the CT value is a reliable indicator of the initial copy number of a particular 
template. Two-fold dilutions of each cDNA sample were used to ensure that the reaction 
was dose-dependent, as the CT is reached one cycle earlier when the amount of starting 
template is doubled. The dilutions used were as follows: for MET/ reactions, 80 and 
40 ng/5µI; for METIi reactions, 200 and 100 ng/5µL. The amounts chosen reflected the 
amount needed for a reliable, reproducible PCR product, the cycle threshold of which fell 
between the two extremes of the standard curve. Real-time PCR reactions contained 
20 mM Tris-HCI pH 8.4, 50 mM KCI, 3.5 mM MgCl2, 0.2 mM dNTPs, 50 ng of each primer, 
1 µL of a 1 :2500 dilution of SYBR-Green fluorescent dye (Molecular Probes), 0.5 units of 
Platinum Taq polymerase (Life Technologies) and 5 µL of the appropriate cDNA dilution in 
a final volume of 20 µL. Primers used for MET/ were Met1 MIX5' and Met1 MIX3' (section 
3.2.2.1 ). Primers for METIi were ATC CAA GAT AAA CAA AGA GTA TGG AAC (METIIL) 
and CCA CGA GTC CAT TTG ATA ATG TC (METIIR). Cycling conditions were as follows; 
one cycle of 94 °C 2 min, then 45 cycles of 94 °C 30 sec, 60 °C 30 sec, 72 °C 30 sec. A 
melt curve was then performed as follows; 50 °C 1 min, 55 °C 1 min, followed by 55 °C to 
99 °C in one degree increments, held for 5 sec per increment. 
The ratio of MET/1:METI expression was calculated by the Rotor-gene software using 
values obtained from the standard curve, measured in femtograms of starting material. 
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3.2.3 Characterisation of transgenic lines: copy number, segregation and 
progeny testing 
Southern analysis for copy number and segregation was carried out as per section 2.6.1 
using DNA from five individual soil-grown T2 plants and a pooled sample of the same 
plants. For progeny testing, 100-150 T2 seedlings were grown on MS plates containing 
50 µg/ml kanamycin as per section 2.3. The number of resistant and sensitive seedlings 
was recorded after 3 weeks growth. The light intensity in the growth cabinet used for 
kanamycin selection was approximately 50-60 µE. 
3.2.4 Analysis of methylation levels 
Total genomic levels of methyl cytosine (mC) were determined using reversed-phase high 
performance liquid chromatography (RP-HPLC). DNA digests for RP-HPLC analysis were 
based on the method of Gehrke et al. (1984) and included 5 µg DNA, 15 mM sodium 
acetate pH 5.3, 0.5 mM zinc sulphate, 3 µg P1 nuclease (Boehringer Mannheim) and 
0.4 units thermosensitive alkaline phosphatase (TsAP; Life Technologies) made up to final 
volume of 150 µL in Milli-Q deionised water. Digests were incubated at 37 °C for 2 h, then 
15 µL of 0.5 M Tris pH 8.5 was added to activate the TsAP. The digests were incubated for 
at least another 2 h at 37 °C and were stored at -20 °C until use . 
. Digested DNA was separated on a Supelco Supelcosil LC-18-S HPLC column (15 cm x 
4.6 mm x 5 µm) at a flow rate of 1.0 ml/min. The column was equilibrated at 35 °C with a 
buffer solution containing 50 mM potassium dihydrogen phosphate pH 4.0 and 2.5 % 
redistilled methanol. The buffer solution was filtered through a 0.22 µm Millipore GVVVP 
filter before use. A Waters RP-HPLC system equipped with a fixed wavelength UV 
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detector set at 254 nm was used to detect the eluates. DNA and RNA standards were 
run on the column separately to ascertain the correct conditions and retention times for 
each standard. An aliquot of the standards mixture was injected into the column before 
each run to correct for any minor deviations in retention time due to differences in batches 
of buffer. The mol % of base composition was calculated by standardisation of each peak 
area with respect to the standard bases. The amount of me in each sample was calculated 
using the formula mdC/(mdC+dC). 
Methylation levels at specific sites were assayed by the use of methylation-sensitive 
restriction enzymes. Genomic DNA was digested overnight at 37 °Casper section 2.6.1 
with either Mspl or Hpall to assay methylation at CCGG sites, or with Pvull to assay 
methylation at CNG sites. Filters were hybridised to either a 180 bp centromeric repeat 
probe (for Mspl/Hpall digests) or a 28S ribosomal repeat probe (for Pvull digests) at 65 °C 
as per section 2.6.1. 
3.2.5 Flowering time experiments 
Analysis of flowering time, vernalisation response and GA response was carried out as per 
section 2.9. Wooden racks containing 20 tubes were placed under long day (LO) 
conditions (16 h light, 8 h dark) with a light intensity of 125-175 µE. Flowering time 
experiments were also carried out on 140 mm diameter Petri plates containing MS 
medium as per section 2.9. The light intensity for experiments using Petri plates was 120-
130 µE. 
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3.2.6 Analysis of FLC and SOC1 expression 
Northern analysis of total RNA was carried out as per section 2.8.1. The FLC riboprobe 
was prepared from the pZLMADS plasmid. The plasmid was linearized with Styl to 
produce a probe containing the complete FLC cDNA excluding the MADS box region 
(Sheldon et al. , 1999). The SOC1 (AGL20) riboprobe was prepared from the Sa/1-
linearised EST 179H16 plasmid which contained 590 nucleotides of SOC1 3' terminal 
sequence but lacked the MADS-box coding region (Sheldon et al., 1999). 
3.2.7 Analysis of tis phenotype rescue 
Pollen from METIi transgenic lines was used to pollinate emasculated, heterozygous 
Arabidopsis mutants fis1 and fis2. Wild type C24 and MET/ antisense plants were crossed 
to the fis mutants as negative and positive controls, respectively. Siliques were dissected 
10-15 d after crossing and seed phenotype was examined using a dissecting microscope. 
3.2.8 Microarray analysis 
Plants for microarray experiments were grown on 140 mm diameter MS-agar Petri plates 
as per section 2.9 for 19 d in LO conditions with a light intensity of 85-95 µE. Four 
biological replicates were used in the analysis. Pairs of plates to be compared were placed 
next to each other under the lights and all growing and harvesting conditions were kept as 
similar as possible. RNA was extracted as per section 2. 7 and cDNA was prepared from 
100 µg of total RNA as per section 3.2.2.2. 
cDNA products were treated with 1.0 unit of RNAse H for 30 min at 37 °C to destroy RNA-
DNA hybrids, purified using Amicon Microcon YM30 filters (Millipore) and dried under 
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vacuum for 1 O min at 42 °C. The purified cDNA was then labelled with either Cy-3 or Cy-5-
labelled dUTP (Amersham Pharmacia Biotech) by a randomly primed polymerase 
reaction. Reactions contained 25 ng of cDNA, 1 x Kienow fill-in buffer (USB), 3 µg random 
hexanucleotide primers (Gibco), 25 nmol of either Cy-5 dUTP or Cy-3 dUTP, 0.25 mM of 
dNTPs (A, C and G), 0.09 mM dTTP and 5 units of Kienow polymerase in a final volume of 
20 µL. The cDNA, buffer and primer mix was incubated for 2 min at 99 °C and allowed to 
cool for 5 min at RT before addition of the remaining components. The reactions were 
incubated for 3 h at 37 °C. Each cDNA sample was labelled separately with Cy-5 and 
Cy-3, with the combination of fluors being reversed for two of the four replicates to allow 
for any effects caused by differential incorporation of the two labels. Labelled Cy-5 and 
Cy-3 cDNAs for each pair of samples to be compared were combined, purified using 
Amicon filters and dried as above. The labelled probes were resuspended in 30 µL of 
hybridisation buffer containing 50 % formamide, Sx SSC, 0.1 % SOS and 30 µg of salmon 
sperm DNA, incubated for 3 min at 95 °C, then cooled on ice. 
CMT-GAPS coated slides (Corning Microarray Technology) from Mendel Biotechnology 
(Hayward, CA) printed with a total of 13,680 spots were used for the microarray analysis. 
Of these, 7680 spots represented 7212 unique clones of Arabidopsis thaliana cDNAs 
(Helliwell et al., 2001 ). The slides were supplemented with ;..,6000 additional Arabidopsis 
clones (lain Wilson, personal communication) Slides were pre-hybridised in 50 % 
formamide, 5x SSC, 0.1 % SOS and 1 % BSA for 1 h at 42 °C, rinsed in distilled water for 
2 min at RT, and dried in a Sigma 4K1 SC benchtop centrifuge for 2 min at 1000 rpm. The 
probe was pipetted onto the slide and a coverslip was added. The slides were placed in 
waterproof hybridisation chambers and incubated in a 42 °C water bath overnight. After 
hybridisation, slides were gently washed in 2 x SSC at 42 °C to remove the coverslip, and 
67 
were then washed twice with shaking in 0.1 x SSC, 0.1 % SOS for 5 min at RT and twice 
in 0.1 x SSC for 5 min at RT before being dried as above. 
Slides were scanned using a GenePix 4000A Microarray Scanner (Axon Instruments) and 
analysed using GenePix Pro 3 software. The software uses predefined grids which were 
manually adjusted to ensure optimal spot recognition. Spots with dust, high local 
background or other abnormalities were flagged as bad and ignored in subsequent 
analyses. The microarray data were analysed using the tRMA program version 1.6.2 
(Wilson et al., 2003). The data were spatially normalised and the median fluorescence 
values of four replicate slides were averaged. The median ratio of red:green fluorescence 
was then normalised, with a value of 1.0 representing no change in expression between 
samples. Genes with a normalised red:green ratio of more than 2 (a 2-fold increase) or 
less than 0.5 (a 2-fold decrease) on at least three of the four replicate slides were 
classified as differentially expressed (Helliwell et al., 2001 ). 
3.3 Results 
3.3.1 METIi is part of a multigene family 
The copy number of the METIi gene in the Arabidopsis genome was examined by high 
stringency Southern blot analysis of C24 and Columbia (Col) DNA digested with Hindi II 
-and EcoRI, using two METIi probes (Figure 3.1; Probe A and Probe B). Probe A was a 1.2 
kb fragment spanning motifs I to IV of the methyltransferase domain , a region which has 
79 % identity to MET/. Probe B corresponded to 570 bp of the 5' amino terminal domain of 
METIi, where homology to MET/ decreases to 68 % (Genger et al. , 1999). 
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Probes A and B both hybridised to multiple fragments in genomic DNA of C24 and Col 
(Figure 3.2a). In the initial phases of the work reported here, only one METIi gene was 
known, but subsequent database searches revealed two members of the MET/ family that 
were more similar to METIi than to MET/ (Genger et al. , 1999). One of these genes was 
shown to be more than 90 % identical to METIi - this gene (accession #AC005359) was 
subsequently named MET/lb and METIi (accession #AF138283) was renamed MET/la. 
The other gene was named METIi/ (accession #AL049656). When regions of MET/ 
corresponding to probes A and B were hybridised to C24 and Col DNA, a single band was 
seen (Figure 3.2a, shows 5' MET/ probe only) . There was no cross-hybridisation between 
MET/ and the other three members of this gene family at high stringency, indicating that 
these regions of MET/ are unique in the Arabidopsis genome (Genger et al. , 1999). 
The Southern hybridisation data fit well with the hybridisation patterns predicted from the 
Col genomic sequence available in the database. Scanning the sequence for Hindi II sites 
in the MET/la, MET/lb and METIi/ Arabidopsis sequences available in the database 
indicated that the 1.2 kb METIi probe A would hybridise to fragments of 1.0-1.2 kb in 
length (Figure 3.2b). There was only one band in the Col Hindlll digested lane (Figure 
3.2a) , but as it is fairly diffuse, it may contain all three fragments. The 5' METIi probe B 
hybridises to three fragments in the Col Hindlll digest (Figure 3.2a) , corresponding to the 
2.1 , 2.8 and 3.6 kb bands as predicted from the database sequence (Figure 3.2b). The 5' 
MET/ probe hybridised to a single band of approximately 4.3 kb in the Col Hindi II digest, 
as predicted (Figures 3.2a , 3.2b) and a single band was also seen when a MET/ probe 
corresponding to the region of probe A was used (result not shown). RFLP's between the 
Col and C24 sequences resulted in the METIi probe A hybridising to two fragments in the 
C24 Hindi II digests. The RFLP must be in either MET/lb or METIi/ , as there is no Hindi II 
site in this region of the C24 MET/la sequence (R Genger, personal communication). 
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Size (kbp) C24 Col C24 Col 
23.1 
9.4 
6.5 
4.3 
2.3 
2.0 
0.5 
METIi Probe A 
H H E E H H E E 
C24 Col C24 Col C24 Col C24 Col 
9.4 
4.3 
2.3 
METIi Probe 8 MET/ Probe 
Figure 3.2a Southern analysis of the METIi and MET/ genes in C24 and Columbia (Col) 
genomic DNA digested with Hindi II (H) or EcoRI (E) and separated on 1 % agarose gels. 
DNA was hybridized to either the MET/11.2 kb probe A (Figure 3.2b), the METIi 570 bp 
probe B (Figure 3.2b), or Y2-4, a ca. 700 bp 5' BamHI fragment of MET! (Figure 3.2b). 
Multiple copies of both regions of METIi were detected using thes.e probes, but the MET/ 
probe hybridized to a single fragment. Similar results were obtained using a MET! probe 
that corresponded to the 1.2 kb region of METIi (results not shown). 
Figure 3.2b Hind Ill and EcoRI sites in the fou r genes of the MET! class of 
methyltransferases. (A), MET/la; (8), MET/lb; (C), METIi/; (D) , MET/. 
The expected fragment size, based on the Columbia sequence, is given underneath in kb. 
Green lines= Hindlll digests, blue lines= EcoRI digests. Upstream and downstream 
regions, highlighted in light blue, are not drawn to scale. For MET/lb and METIi/, regions of 
homology to the MET/la probes are indicated by thick black lines above each gene. The 
regions of homology corresponding to the MET/la probes are not necessarily the same size 
in MET/lb and METIi/. 
Probe B Probe A 
E H H E H H E 
(A) II I 
ATG 
I I I I I I I 
-10.8 -3.1 0.5 0.7 3.1 4.3 6.5 
3.6 1.2 
11 .5 5.8 
Probe B Probe A 
H E ATG H E H 
(8) 1 I I 
-2.3 -1 .5 0.5 0.7 2.8 3.0 3.6 4.2 
2.8 0.2 1.2 
2.2 2.9 
Probe B Probe A 
E H H H E 
(C).,.._11 --+-I-=~~==~~~~~~~-.'~.-· --~-~~ -§~~tm- ~-=·- - ~- - ~~ ~- =-· · ~- =·~:a._fil 1--JI 
-6.8 -1.6 0.5 0.7 3.3 8.9 
2.1 1.0 
7.5 8.2 
MET/ probe 
.H E H E 
(D) ,1 I 
ATG 
I I - - - ~ - - - , -- ' < ' ' - - • ' .... - - I 
-2.6 -2 .5 1.7 3.6 
4.3 
6.1 
Probe B still hybridised to three fragments in C24 but one of them was larger than the 
corresponding Col fragment (Figure 3.2a). 
Scanning the same sequences for EcoRI sites indicated that probe A would hybridise to 
fragments of 2.9, 5.8 and 8.2 kb (Figure 3.2b). Although three hybridising fragments were 
observed on the Southern (Figure 3.2a), only the 8.2 kb fragment of METIi/ corresponds to 
the expected size; the other two fragments are smaller than predicted. Probe B was 
predicted to hybridise to fragments of 2.2, 7.5 and 11.5 kb (Figure 3.2b); the largest of 
these is just visible and the smallest is clearly observed in the Col EcoRI digest (Figure 
3.2a), but the predicted 7.5 kb fragment of METIi/ is not visible. As the strain of Col used 
for the Southern hybridisation was different to the one used for the database sequence, 
there could be sequence polymorphisms between the two strains that explain these 
inconsistencies. RFLP's between the Col and C24 sequences result in probe A hybridising 
to four fragments in the C24 EcoRI digests, with a fifth band (~20 kb) in the C24 EcoRI 
lane likely to represent incompletely digested DNA. Probe B hybridised to three fragments 
in C24 EcoRl-digested DNA. 
3.3.2 Identification of METIi transgenic lines 
To investigate the role of METIi, Arabidopsis was transformed with the two constructs 
previously described (section 3.2.1) to observe the effect of a reduction in METIi 
expression. The constructs contained the Npt/1 selectable marker (Figure 3.1) which 
confers resistance to the antibiotic kanamycin. Therefore, seed from transformed 
Arabidopsis plants of the C24 ecotype was initially screened on media containing 
kanamycin. Thirty-four independent kanamycin-resistant transgenic plants were identified 
(Table 3.1). Of these transformants, 29 contained the 1.2 kb antisense fragment (construct 
70 
' PCR Expression -Line Number Construct 
' 
reduced?a 
1.44 A 1.2AS1, 35SPRO -
3.1 A 1.2AS1, 35SPRO -
3.2 A 1.2AS1, 35SPRO -
6.1 A 1.2AS1, 35SPRO -
6.2 A 1.2AS1, 35SPRO y 
6.3 A 1.2AS1, 35SPRO -
7.1 B Nptll L, NptllR -
7.2 B Nptll L, Nptll R y 
8.1 A 1.2AS1, 35SPRO -
9.1 B Nptll L, Nptll R -
9.2 B Nptll L, NptllR -
10.1 A 1.2AS1, 35SPRO -
10.2 A 1.2AS1, 35SPRO -
10.3 A 1.2AS1, 35SPRO -
11.1 B Nptll L, NptllR -
13.1 A 1.2AS1, 35SPRO y 
13.2 A 1.2AS1, 35SPRO -
13.4 A 1.2AS1, 35SPRO -
14.1 A 1.2AS1, 35SPRO -
14.2 A 1.2AS1, 35SPRO -
14.3 A 1.2AS1, 35SPRO -
14.4 A 1.2AS1, 35SPRO -
14.5 A 1.2AS1, 35SPRO -
14.6 A 1.2AS1, 35SPRO -
14.9 A 1.2AS1, 35SPRO -
14.10 A 1.2AS1, 35SPRO -
14.11 A 1.2AS1, 35SPRO -
14.12 A 1.2AS1, 35SPRO -
14.13 A 1.2AS1, 35SPRO -
14.14 A 1.2AS1, 35SPRO -
14.15 A 1.2AS1, 35SPRO -
14.17 A 1.2AS1, 35SPRO -
14.18 A 1.2AS1, 35SPRO -
14.19 A 1.2AS1, 35SPRO -
Table 3.1 Summary of initial screening of METIi transgenic lines listing line number; 
construct used for transformation (A= 1.2kb antisense; B = 570 bp sense) ; and PCR 
primers used in the screening procedure. 
a Y = expression of METIi was reduced as assayed by RT-PCR. 
A) and 5 contained the 570 bp sense fragment (construct B). Each transformant was then 
analysed by PCR for either the 1.2 kb antisense transgene (construct A lines) or the Npt/1 
transgene (construct B lines) to ensure they contained the transgenes. A representative 
example of the PCR screening, showing three lines transformed with construct A, is shown 
in Figure 3.3. All 29 kanamycin-resistant lines containing construct A were positive for the 
1.2 kb antisense transgene and all five lines containing construct B were positive for the 
Npt/1 transgene (Table 3.1 ). 
3.3.3 Analysis of METIi expression level in transgenic lines 
The level of METIi expression in each of the 34 METIi transgenic lines was initially 
analysed using reverse-transcriptase PCR (RT-PCR). As a control, the level of MET/ 
expression was also analysed and was compared to the level of METIi expression in each 
line. Given that METIi expression is unaffected in MET/ antisense lines (Genger, 2000) 
even though a 2.8 kb fragment of the MET/ cDNA, approximately 80 % identical to METIi 
(Genger et al. , 1999) had been used to generate the MET/ antisense lines (Finnegan et 
a/., 1996), it was assumed that the METIi constructs were unlikely to affect the level of 
MET/ expression, and that MET/ expression could therefore be used as a control. The 
METIi primers for RT-PCR were designed to span intrans 3 and 4, thus providing a size 
differential between products amplified from cDNA and genomic DNA (Figure 3.4). As the 
sequence of the RT-PCR primers is 100 % identical between the MET/la and MET/lb 
·genes, the RT-PCR analysis would detect transcripts from both genes. 
An example of the RT-PCR screening of various lines is shown in Figure 3.5. The initial 
screening procedure revealed four lines with a potential decrease in METIi expression ; 
lines 6.3, 7.2, 13.1 and 6.2 (Figure 3.5, lanes 5, 7, 12 and 13). However, further replicates 
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Size (bp) 
500 
330 
240 
190 
M 1 2 3 4 5 6 
Figure 3.3 PCR screening of METIi transgenic lines. The primers amplified a fragment 
encompassing part of both the 1.2 kb antisense fragment and the 35S promoter. Lane M, 
pUC19/Hpall marker; lane 1, pJ35SN (1 .2 kb) plasmid positive control ; lane 2, water 
negative control ; lane 3, C24 negative control ; lanes 4-6, METIi transgenic lines 6.1 , 6.2 
and 6.3. 
99 146 
5' 
80 81 82 131 111111 153 
I II IVVI tVIII 
VII 
IXX 
Figure 3.4 Location of METIi conserved motifs, introns and primers used for RT-PCR and 
real time PCR. lntrons 2 to 11 are indicated by ' and sizes of introns are given above in 
base pairs. Conserved methyltransferase motifs are indicated by pale blue boxes and 
Roman numerals. RT-PCR primer positions (RTXII and NEWI) are indicated by white 
arrows; real time PCR primer positions (METIIL and METIIR) are indicated by green 
arrows. Both sets of primers provide a size differential between products amplified from 
cDNA and genomic DNA. The RT-PCR cDNA product is 277 bp; the genomic product is 
493 bp. The real time PCR cDNA product is 199 bp; the genomic product is 373 bp. 
3' 
Size (bp) P1 2 3 4 5 6 7 8 9 10 11 12 13 
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240 
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* * * * 
<-----1 MET/ cDNA 
<....------1 METIi cDNA 
Figure 3.5 Initial RT-PCR screening of METIi transgenic lines separated on 2°/o agarose 
gels. Upper panel, MET/ RT-PCR used as a control; lower panel, METIi RT-PCR. Arrows 
indicate product from cDNA. The MET/ primers amplified several non-specific bands, 
presumably from contaminating genomic DNA, as they are also visible in the positive 
control. Although the MET/ 5' primer sequence is conserved among the four members of 
the MET/ class, the MET/ 3' primer sequence is not found in the other three genes, so the 
extra bands are unlikely to be amplified from MET/la, MET/lb or METIi/ The major genomic 
DNA product for MET! is 450 bp and the cDNA product is 205 bp. For METIi, the genomic 
product is 493 bp and the cDNA product is 277 bp. Lane P1, C24 genomic DNA; lane P2, 
plasmid pJ35SN (1.2kb) positive control; lane 2, water negative control; lane 3, C24; lane 4, 
line 6.1; lane 5, line 6.3; lane 6, line 7.1; lane 7, line 7.2; lane 8, line 9.1; lane 9, line 10.1; 
lane 10, line 10.2; lane 11, line 11.1; lane 12, line 13.1; lane 13, line 6.2. Lanes marked * 
contain candidates for plants with reduced METIi expression compared to C24. 
(not shown) identified only lines 6.2, 7.2 and 13.1 as having a reproducible reduction in the 
level of METIi expression. To estimate the extent of reduction in METIi expression, PCR 
products from these three lines were transferred to a nylon membrane and hybridised to 
either the MET/11.2 kb fragment or the pBGSY8 MET/ probe (Figure 3.6). The ratio of 
METl:MET/1 expression in C24 was then compared to the ratio of expression in the 
transgenic lines. The three lines had reduced levels of METIi expression compared to wild 
type (Figure 3. 7, blue bars). Line 7.2 had the lowest level of expression, with only 26.4 % 
of C24 METIi expression levels. Lines 6.2 and 13.1 had 56.7 % and 52.9 % of C24 METIi 
expression levels respectively. There is a very large error for line 6.2 (Figure 3.7, blue bar). 
Probable sources of error in the RT-PCR protocol could include pipetting very small 
volumes of concentrated RNA, variation in final reaction volumes due to evaporation from 
poorly sealed tubes, and spillage when loading gels. 
To establish whether the apparent reduction in METIi expression could be more reliably 
estimated, a real-time PCR cycler was utilised. Real-time PCR is both more sensitive and 
accurate than RT-PCR. Products do not need to be analysed by electrophoresis or 
Southern hybridisation, therefore reducing gel-associated errors. Due to the addition of the 
fluorescent SYBR-green dye which intercalates with DNA, the amplification of products 
can be visualised cycle by cycle; information about the amount of product produced is 
collected in the exponential amplification phase, thereby avoiding potential variation in the 
end product of identical reactions. To identify different products, for example from genomic 
DNA, cDNA or primer-dimer formation, melt curve analysis is performed. Products melt at 
different temperatures depending on several factors, including their length and GC 
content. In the experiments reported here, only those samples with a single peak in the 
melt curve analysis were used; any samples with contamination from genomic DNA or 
primer-dimer formation were excluded from further analysis. 
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(A) 
METIi 
(8) 
Figure 3.6 (A), RT-PCR of METIi transgenic lines separated on 2% agarose gel. Upper 
panel, MET/ RT-PCR used as a control; lower panel, METIi RT-PCR. Arrows indicate 
product from cDNA; other bands are products from genomic DNA contamination. Lane P1 , 
C24 genomic DNA; lane P2, plasmid pJ35SN (1.2kb) positive control; lane 2, water 
negative control; lane 3, C24; lane 4, line 7.2; lane 5, line 13.1 ; lane 6, line 6.2. 
(8), Southern analysis of MET/ and METIi RT-PCR gels shown in (A). Arrows indicate 
product amplified from cDNA. The MET/ probe was pBGSY8 (see section 3.2.2). The METIi 
probe was the PCR product amplified from the pJ35SN plasmid containing the 1.2 kb 
Hindlll fragment, using the same primers as those used in the RT-PCR reactions. 
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Figure 3.7 Level of METIi expression in three METIi transgenic lines, expressed as a 
percentage of C24 METIi expression+ standard error. The level of C24 METIi expression is 
defined as 100%. Blue bars, RT-PCR results. Purple bars, real time PCR results. Results 
presented are the mean of three replicates. 
The primers used to amplify MET/ were the same as those used for MET/ RT-PCR 
(section 3.2.2.1 ). The METIi primers spanned intron 9 and 10 (Figure 3.4). The primers 
were designed in an attempt to amplify only MET/la but had only two mismatches with the 
MET/lb sequence. Melt curve analysis revealed only one cDNA product in the METIi 
reactions. As MET/lb is 94% identical to MET/la in the region amplified by the real time 
PCR primers and only 19 bp different in length, the MET/la and MET/lb products would be 
very difficult to identify separately using melt curve analysis (I Wilson, personal 
communication) and it must be assumed that both MET/la and MET/lb are amplified in the 
real time PCR assay. 
It must also be assumed that the METIi constructs used for transformation of Arabidopsis 
affected the expression of both MET/la and MET/lb. Only 21 bp of homologous sequence 
is sufficient for post-transcriptional gene silencing to occur (Hamilton and Baulcombe, 
1999; Waterhouse et al, 2001 ); there are 15 regions of 21 or more bp of homologous 
sequence in the MET/11.2 kb fragment and 12 such regions in the 570 bp METIi fragment 
used to make the constructs. The high degree of similarity between the two genes 
suggests that they may be functionally redundant, although they may have different 
expression patterns. Thus there would be benefit in silencing both MET/la and MET/lb, to 
increase the chance of uncovering a function for them. As they cannot be distinguished at 
this point, MET/la and MET/lb will be jointly referred to as METIi throughout the remainder 
of this chapter. 
Using the real-time PCR system, the level of METIi expression was again compared to 
that of MET/ and the ratio of METl:MET/1 expression in C24 was compared to the ratio of 
METl:MET/1 expression in the transgenic lines. Expression of METIi was reduced in all 
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three transgenic lines compared to C24, over a similar range to that seen in the RT-PCR 
experiments. Line 7.2 again had the lowest level of expression, with only 22.3 % of C24 
METIi expression levels. Line 6.2 had 40.8 % of wild type levels and line 13.1 had the 
least reduction, with 62.3 % of wild type levels (Figure 3.7). The reproducibility of the 
values recorded for METIi expression levels using real-time PCR was greatly increased 
compared to the RT-PCR results, especially for line 6.2. The real-time PCR protocol was 
designed to avoid pipetting-associated errors, by ensuring that the minimum volume 
pipetted was five microlitres. 
Each of the remaining 31 METIi transgenic lines which had been previously screened by 
RT-PCR were re-screened using the real-time PCR system. No further lines with a greater 
than 40 % reduction in METIi expression compared to C24 were identified (results not 
shown). Hence only the three lines described above, which have a range of 40-80 % 
decrease in METIi expression, were characterised in more detail. 
3.3.4 Transgene copy number and progeny testing of METIi transgenic lines 
The METIi transgenic lines were analysed to determine the number of T-DNA copies 
which had inserted into each line. DNA was extracted from five individual T2 plants and a 
pooled sample of the same plants and digested with Hindlll and hybridised to an Npt/1 
probe (Figure 3.8a). Each line had multiple copies of the transgene (Figure 3.8b). Line 6.2 
·had 6-7 copies and line 7.2 had 7-8 copies of the Npt/1/left border fragment. As all plants 
tested contained every copy, it is probable that these transgenes had inserted at a single 
locus. However, it is also possible that the insertion events could have been at two loci, as 
DNA from 20 plants would need to be analysed to be 99 % sure that there were no plants 
which were null at one of two loci. These two lines were subsequently subjected to 
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Figure 3.8 (A), DNA from METIi transgenic plants with reduced levels of METIi expression 
was digested with Hindlll and hybridized to the Npt-11 probe. One Hindlll site (H) is located 
within the construct. The next Hindlll site is located within the plant DNA. Multiple bands on 
Southern blots indicate multiple copies of the transgene. (8), DNA isolated from five 
individual plants and a pooled sample (P) of the same five plants was digested with Hindi 11, 
transferred to a nylon membrane and hybridized to the Npt-11 probe. The smallest 
hybridizing fragment that would be expected, if the first Hindi II site was immediately 
adjacent to the RB fragment, would be approximately 2.6 kb. 
Probe 
H H 
tnos3' pnos5' 
• Construct DNA ----• ~•-- Plant DNA • 
(A) 
Size p 1 2 3 4 5 Size p 1 2 3 4 5 Size p 1 2 3 4 5 
(kbp) (kbp) (kbp) 
8.5 6.8 < 
8.5 6.8 4.8 
6.8 4.8 3.6 
4.8 2.8 · 3.6 
1.9 
Line 6.2 Line 7.2 Line13.1 
(B) 
progeny testing by growing T2 seedlings on media containing the antibiotic kanamycin 
(Figure 3.9). After three weeks growth, the numbers of kanamycin-resistant and 
kanamycin-sensitive seedlings were counted. If insertion of the transgenes had been at a 
single locus, approximately 25 % of the seedlings would be sensitive to kanamycin; if 
insertion was at two loci, approximately 6 % of seedlings would be sensitive. In line 6.2, 14 
% of seedlings were sensitive; in line 7.2, 17 °/o of seedlings were sensitive (Table 3.2). A 
x2 test showed that with the number of plants screened, these ratios are statistically 
significantly different to a ratio of 3:1 (Table 3.2). However, if insertion was at two loci, the 
ratios expected would have been 15: 1, whereas they are much closer to a 3: 1 ratio. In 
conjunction with the Southern analysis of copy number, the ratios are suggestive of 
insertion at a single locus, but a larger number of plants would need to be screened to be 
sure of this. 
The third line analysed, line 13.1, had 7 copies of the transgene (Figure 3.8). The 
Southern analysis suggested that these had inserted in at least two loci, with five copies at 
one locus, and two at a separate locus. When progeny testing of T2 seedlings of line 13.1 
was carried out, it appeared that all 114 progeny tested were resistant to kanamycin 
(Figure 3.9; Table 3.2). If, as the Southern analysis suggested, the transgene had 
integrated at two loci, 6 % of the seedlings would have been expected to be sensitive, or 
seven of the 114 seedlings tested. If integration had occurred at three loci, only one or two 
of the 114 seedlings would be sensitive. The number of plants tested is too small to be 
sure whether the transgene had inserted in two or three loci. A x2 test could not be carried 
out on this data as there were zero seedlings in one of the categories. 
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C24 6.2 7.2 13.1 
Figure 3.9 Three week old seedlings of C24 and three METIi transgenic lines with reduced 
levels of METIi expression grown on MS media with kanamycin (top row) or without 
kanamycin (bottom row). Kanamycin sensitive plants are bleached, and development has 
stopped at the two leaf stage. Arrows indicate two representative kanamycin sensitive 
seedlings; most of them are obscured from view by the larger resistant seedlings. 
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6.2 127:20 6.3:1 9.58 < 0.01 
7.2 113:23 4.9:1 4.32 < 0.05 
13.1 114:0 - - -
Table 3.2 Results of progeny testing of T2 plants of three METIi transgenic lines. Plants 
were grown on MS media containing 50 µg/ml kanamycin for 3 weeks. 
x2 value for p < 0.05 = 3.84; x2 value for p < 0.01 = 6.64. 
. 
3.3.5 Analysis of DNA methylation levels in METIi transgenic lines 
3.3.5. 1 Analysis of genomic DNA methylation levels 
To determine whether reducing the level of METIi expression by up to 80 % had any effect 
on methylation levels, the global levels of methylation in each METIi transgenic line were 
analysed using RP-HPLC. RP-HPLC analysis provides a measurement of the proportion of 
each major and modified base in a sample of DNA. As RP-HPLC had not been previously 
performed in this laboratory, the protocol was developed based on the method of Gehrke 
et al. (1984). DNA and RNA standards, including methyl-deoxycytosine (mC) were first 
separated individually to determine the retention time of each nucleoside. A mixture of all 
the standards was then applied to the column to ensure that each nucleoside eluted 
separately as a clearly resolved peak (Figure 3.10). 
The HPLC system was initially utilised to determine the levels of me in wild type C24 
genomic DNA. A representative trace of a C24 sample separated on the RP-HPLC column 
is shown in Figure 3.1 Ob. The average level of me in triplicate samples of C24 DNA was 
(7.11 + 0.48) % (Figure 3.11 ); the range of values was from 6.63 % to 7.59 %, which 
equates a 7 % deviation from the average. This overlaps with published values of 6.4-6.6 
% for the Columbia ecotype (Kakutani et al., 1996; Ronemus et al. , 1996). When other 
ecotypes of Arabidopsis were tested using this system, a range of values was observed 
(Figure 3.11 ), indicating that there is a difference in genomic methylation levels between 
different wild types. This is consistent with the observation that the extent of me in 
ribosomal repeat DNA varies among ecotypes (Riddle and Richards, 2002). 
The methylation levels of a MET/ antisense line (AMT, line T3 10.5) had been previously 
estimated using a thin-layer chromatography (TLC) assay to have 13.3 % of wild type 
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Figure 3.10 Sample RP-HPLC traces. X-axis= retention time (minutes). Y-axis= 
absorbance at 254nm. (A), mixture of DNA and RNA standards. (B), C24 control sample. A 
small amount of guanosine from contaminating RNA is visible in this sample. 
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Figure 3.11 Genomic levels of methyl cytosine (mC) in four ecotypes of Arabidopsis, MET! 
antisense plants and METIi transgenic plants as determined by RP-HPLC analysis . Each 
bar represents the mean of at least three replicates. Ler, Landsberg erecta; Col, Columbia; 
AMT, MET/ antisense line T3 10.5 (Finnegan eta!., 1996); 6.2, 7.2 and 13.1, three METIi 
transgenic lines with reduced levels of METIi expression. 
* amount of genomic me not significantly different from wild type C24; p>0.05 
methylation levels in the subset of CG dinucleotides that occur within Taql sites (Finnegan 
et al. , 1996). The same AMT line was analysed using the RP-HPLC system to ensure that 
a decrease in methylation could be reliably detected, and was estimated to have 19 % of 
the genomic mC level of C24 (Figure 3.11 ). This level is higher than the published value of 
13.3 %; however, the AMT line is decreased in methylation mostly at CG sites (Kishimoto 
et al., 2001) and the RP-HPLC analysis will have detected methylation at every other site, 
accounting for this difference. 
Once the suitability of the RP-HPLC system for detecting the level of me within + 7 % had 
been established, the genomic me levels of the three METIi transgenic lines, 6.2, 7.2 and 
13.1, were then assayed. The values obtained varied from 6.49 °/o me for line 7.2 to 6.73 °/c, 
me for line 13.1 (Figure 3.11 ). These values are not significantly different to that of the wild-
type C24 as determined by using Student's T-test (p>0.05). Therefore, reducing the level 
of METIi expression by up to 80 % had no significant impact on genomic methylation 
levels. 
3.3.5.2 Analysis of DNA methylation levels within specific sequence contexts 
The levels of DNA methylation of the three METIi transgenic lines within certain sequence 
contexts was measured using methylation-sensitive enzyme assays. The restriction 
enzyme pair Mspl and Hpal I are commonly used to assay methylation of CG 
dinucleotides. Both enzymes recognise the sequence CCGG; Mspl cuts cmcGG but not 
mccGG, whereas its isoschizomer Hpall will only cut when both cytosines are 
unmethylated or when the 5' C is hemimethylated (Kessler et al., 1985; Nelson & 
McClelland, 1991 ). Therefore, a DNA sample digested with Hpall will remain mostly uncut 
if the majority of CCGG sites are methylated. C24 DNA was digested separately with Mspl 
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and with Hpal I and was then hybridised to a 180 bp centromeric repeat probe (Martinez-
Zapater et al. , 1986). The Mspl-digested sample shows a high degree of digestion of 
centromeric repeat DNA (Figure 3.12, lane 1). Hybridisation in the Hpal I-digested sample 
is concentrated in the poorly digested higher molecular weight fraction, indicating that 
many CCGG sequences are methylated at the internal cytosine in C24 DNA (Figure 3.12, 
lane 2). 
A MET/ antisense line with a 30 % decrease in CG methylation relative to C24, as 
measured by TLC assays (EJ Finnegan, personal communication), was next assayed 
using Hpal I digestion to ensure that this level of reduction in DNA methylation could be 
detected using this method. The MET/ antisense DNA sample is digested by Hpall (Figure 
3.12, lane 6) , indicating that this technique is suitable for detecting at least a 30 % 
decrease in CG methylation. DNA from the METIi transgenic lines 6.2, 7.2 and 13.1 was 
then digested with Hpal I. Nearly all the hybridisation in these samples was concentrated in 
the poorly digested fraction (Figure 3.12, lanes 3-5). This result indicates that these lines 
have no detectable decrease in CG methylation of centromeric repeat DNA compared to 
C24. 
Methylation at CNG sites (where N = T) can be assayed using the enzyme Pvul I. This 
enzyme recognizes the sequence CAGCTG, but cuts only when the internal cytosine is 
unmethylated. DNA samples digested with Pvull were hybridised to a 1.7 kb 28S 
ribosomal repeat probe (Campbell et al. , 1992). C24 DNA digested with Pvull hybridised to 
the ribosomal probe only in the poorly digested fraction (Figure 3.13, lane 1) indicating that 
many CTG sites in C24 ribosomal DNA are methylated. DNA from the MET// lines 6.2, 7.2 
and 13.1 likewise remained poorly digested by Pvull , suggesting they had no detectable 
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Figure 3.12 Analysis of methylation at CG sites in DNA from C24, three METIi transgenic 
lines with reduced levels of METIi expression and a MET/ antisense line. DNA was 
digested with Mspl (M) or Hpall (H) and hybridized to a 180 bp centromeric ribosomal 
repeat probe. Lanes 1 and 2, C24; lane 3, line 6.2; lane 4, line 7.2; lane 5, line 13.1; lane 6, 
MET/ antisense line with 30% decrease in CG methylation compared to wild type. 
1 2 3 4 
Figure 3.13 Analysis of methylation at CTG sites in DNA from C24 and three METIi 
transgenic lines with reduced levels of METIi expression. DNA was digested with Pvul I and 
hybridized to a 28S ribosomal repeat probe. Lane 1, C24; lane 2, line 6.2; lane 3, line 7.2; 
lane 4, line 13.1. 
decrease in CTG methylation of 28S ribosomal repeat DNA compared to C24 (Figure 3.13, 
lanes 2-4). 
3.3.6 METIi may have different targets for methylation than METI 
The results described above show that when METIi expression is reduced by up to 80 %, 
no change in either overall methylation levels or at CG or CTG sites in repeated 
sequences can be detected. This does not necessarily mean that METIi is a non-functional 
enzyme. It is possible that highly specific sites are the target/s of METI I, but that these 
sites may not occur frequently enough to be detected by the assays that were used, or 
may not occur in the regions of DNA assayed by the probes that were chosen. 
General observations of the phenotype and gross morphology of the MET// lines did not 
immediately suggest any roles for METI I in wild type plants. The plants were of normal 
stature; leaf shape and size, floral development and fertility did not seem to be affected . In 
contrast, MET/ antisense plants are affected in all these criteria. One of the characteristics 
of MET! antisense plants that was not immediately obvious, however, was their ability to 
rescue the phenotype of mutations in fis (fertilisation independent seed) genes. The 
products of the F!S1 and F/S2 genes repress seed development until after fertilisation has 
occurred ; mutations in these genes result in arrested embryo development, causing the 
seeds to atrophy or shrivel (Chaudhury et al. , 1997). FIS1 is similar to the Polycomb group 
proteins E(z) in Drosophila and CLF in Arabidopsis (Goodrich et al., 1997) , which are 
regulators of homeotic gene expression. FIS2 is a WD40 repeat protein (Luo et al., 1999, 
2000) that is homologous to the PcG proteins Su(Z) 12 and VRN2 (Birve et al. , 2001 ; 
Gendall et al. , 2001 ). When fis1 and fis2 mutants are fertilised with pollen from a MET/ 
antisense plant, the phenotype is rescued and the seeds develop normally (Luo et al. , 
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2000), thought to be due to demethylation-induced activation of an unidentified gene or 
genes downstream of the FIS genes. 
As mentioned, it is possible that METI I methylates highly specific sites. The high degree of 
sequence similarity between MET/ and METIi suggests that the two enzymes could be 
potentially redundant, and that some of the targets of METI I regulation might be the same 
as those of METI. To investigate this possibility, the two lines with the greatest reduction in 
METIi expression, lines 6.2 and 7.2, were crossed to the fis1 and fis2 mutants. C24 and 
MET/ antisense plants were crossed to the fis mutants as negative and positive controls 
respectively. The fis mutants were FIS/fis heterozygotes, thus after a cross to a wild type 
FIS/FIS plant, half of the F1 seeds should display an inviable, shrivelled phenotype. 
When C24 pollen was used to fertilise the fis1 mutants, half of the seeds were shrivelled 
(Figure 3.14a). When MET/ antisense plants were used as pollen donors, all of the seeds 
developed normally, as previously reported (Figure 3.14b; Luo et al., 2000). When the 
METIi transgenic lines were used to fertilise the fis1 mutant, approximately half the F1 
seed was inviable (Figure 3.14c, d). The same result was observed in crosses made to 
fis2 mutants (results not shown). As pollen from the MET// lines did not rescue the fis1 or 
fis2 phenotype, it appears that METIi is not involved in the regulation of the genes 
downstream of FIS1 or FIS2 that METI regulates, and so at least in this instance, does not 
have the same targets for methylation as METI. This is consistent with the lack of 
demethylation at CG sites, the preferred target of METI (Finnegan et al. , 1996; Kishimoto 
et al., 2001 ), in the METIi transgenic lines, and suggests that METIi is not redundant with 
MET/. 
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Figure 3.14 f 1 seed resulting from crosses between C24, a MET/ antisense line or two 
METIi transgenic lines and heterozygous fis1 mutants, examined under a dissection 
microscope. All seeds in the fis1 x MET/ line are viable, whereas approximately 50% of 
seed in the other crosses are inviable. Arrow indicates a representative inviable shriveled 
seed. (A), C24 x tis 1. (8), MET/ antisense line T3 10.5 x fis1. (C), MET// line 6.2 x fis1. (D), 
MET// line 7.2 x fis1. Bar= 3 mm. 
3.3.7 Reducing METIi expression alters flowering time 
Plants carrying an antisense against the methyltransferase MET/ (AMT) flower earlier than 
wild type plants, with the promotion of flowering being proportional to the decrease in 
methylation (Finnegan et al. , 1998). Wild type C24 plants flower early in response to 
vernalisation, a process which also results in a decrease in methylation (Finnegan et al. , 
1998). AMT plants retain some vernalisation response, even when unvernalised AMT 
plants flower at the same time as vernalised C24 (Finnegan et al., 1998). Therefore, it is 
possible that other sites important for the vernalisation response exist, and that their 
methylation status is controlled by an enzyme/s other than METI; perhaps METIi might be 
involved in this role. 
To analyse the role of METIi in the transition to flowering, the flowering time of the three 
segregating T2 lines which had reduced levels of METIi expression, lines 6.2, 7.2 and 
13.1, was compared to the flowering time of C24 wild type plants in long day conditions in 
two separate experiments. In the first experiment plants were grown in individual test tubes 
without kanamycin and the results include data from homozygous, heterozygous and null 
plants. In the second experiment, plants were grown on large Petri plates and the results 
include data from kanamycin-resistant (homozygous and heterozygous) plants only, not 
nulls. As the antisense and sense constructs have a dominant effect, the phenotype of 
heterozygotes should be roughly equivalent to that of homozygotes. MET/ antisense-null 
plants inherited low methylation levels and flowered as early as homozygous and 
heterozygous siblings, indicating that low methylation caused the promotion of flowering, 
and not the presence of the transgene (Finnegan et al., 1998). Therefore, if demethylation 
caused by the METIi transgene affects flowering time, plants which are null for the METIi 
constructs should also be affected. 
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3.3. 7. 1 Flowering is promoted in two METIi transgenic lines 
When plants were grown in individual test tubes, C24 flowered after producing 33 leaves 
(Table 3.3, Experiment 1 ). The MET// lines were also tested under the same conditions. 
Line 6.2 flowered with 29.9 leaves, and line 7.2 flowered after producing 27.9 leaves. The 
promotion of flowering in these two lines compared to C24 is statistically significant. The 
third line, 13.1, flowered after producing 31.8 leaves, which is not significantly different to 
the number of leaves produced by C24. Therefore, in two of the MET// lines, flowering is 
promoted relative to C24. This result correlates well with the levels of reduction in METIi 
expression; line 7.2 has the greatest reduction in METIi expression (Figure 3.7) and has 
the greatest promotion of flowering. In contrast, line 13.1, which has the smallest decrease 
in METIi expression (Figure 3. 7), does not flower significantly earlier than C24. 
In the second experiment, when the plants were grown on large Petri plates, C24 flowered 
after producing 21.1 leaves (Table 3.3, Experiment 2). This is much earlier than in 
experiment 1, where C24 flowered with 33 leaves (Table 3.3, Experiment 1 ). The reason 
for this difference has not been determined but is likely to reflect different growth 
conditions. Variables between the two experiments included seed age, different growth 
cabinets, and the amount of growth media used. The light intensities were comparable 
between the two experiments but different brands of fluorescent tubes were used. The 
spectral properties of these tubes may have differed, which can affect flowering time 
(Finnegan et al., 1998; Genger, 2000). In addition, although the growth room temperature 
was 21 °C in both experiments, the plates were situated closer to the lights than the test 
tubes were and hence may have been slightly warmer. 
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Experiment 1 ·Experiment 2 
Line/Treatment TLN + SE (nt TLN + SE (n)a _ 
C24 33.00 + 0.75 (19) 21.11 ± 0.70 (26) 
6.2 29.90 + 0.99 (21 / 18.50 + 0.66 (28/ 
7.2 27.85 + 1.13 (20t 15.53 + 0.99 (15t 
13.1 31 .77 + 1.45 (13) 21.21 + 0.70 (24) 
C24 + vemalisation 12.68 + 0.50 (19) 10.43 + 0.20 (21) 
6.2 + vemalisation 13.32 + 0.29 (19) 9.80 + 0.17 (25) 
7.2 + vemalisation 12.79 + 0.34 (19) 9.07 + 0.35 (15) 
13.1 + vemalisation 13.36 + 0.33 (23) 9. 79 + 0.22 (24) 
C24 + GA 19.10 + 0.65 (20) n.d.e 
6.2 +GA 16.86 ± 0.40 (21 )d n.d. 
7.2 +GA 15.90 + 0.38 (2Q)d n.d. 
13.1 + GA 19.95 + 0.64 (20) n.d. 
Table 3.3 Flowering time, expressed as total leaf number (TLN) of C24 wild type and three 
METIi transgenic lines with reduced levels of METIi expression. Experiment 1 was 
conducted in individual test tubes in a dedicated growth cabinet. Experiment 2 was 
conducted on large Petri plates in a general use growth room. 
a average total leaf number at onset of flowering+ standard error (number of plants) . 
b significantly different to C24 at 5% level 
c significantly different to C24 at 1 % level 
d significantly different to C24 + GA at 1 % level 
e not done 
Regardless of the difference in flowering time of C24 between the two experiments, the 
behaviour of the MET// lines followed exactly the same trend. In experiment 2, line 7.2 was 
the earliest flowering, with 15.5 leaves compared to 21.1 leaves of C24; line 6.2 flowered 
next, with 18.5 leaves; and line 13.1 flowered at almost exactly the same time as C24, 
after producing 21.2 leaves (Table 3.3, Experiment 2). Therefore even in conditions where 
C24 flowers quite early, two of the MET// lines flower earlier than C24, and the promotion 
again correlates with the degree of reduction in METIi expression. Thus it appears that a 
40 % reduction in METIi expression (in line 13.1) is insufficient to promote flowering, 
whereas a 60 °/o or greater reduction in METIi expression does promote flowering. 
3.3. 7.2 METIi transgenic lines respond to vernalisation 
In the C24 ecotype, a three week vernalisation treatment induces early flowering 
(Finnegan et al., 1998). The promotion of flowering in MET/ antisense plants is equivalent 
to approximately 50 % of the promotion caused by vernalisation of C24; therefore MET/-
induced demethylation partially substitutes for the vernalisation response (Finnegan et al., 
1998). 
The vernalisation response of the METIi transgenic lines was tested in the same two 
conditions as described in section ·3.3.7. In experiment 1, vernalised C24 flowered with 
12.7 leaves, compared to 33 leaves of unvernalised C24 (Table 3.3). Each of the METIi 
1-ines also responded to vernalisation by flowering with fewer leaves than the unvernalised 
METIi plants (Table 3.3). The same trend was observed in experiment 2. Therefore, 
reducing the level of METIi expression did not prevent a vernalisation response in these 
lines, and the flowering time of each vernalised METIi iine was not significantly different to 
that of vernalised C24 (Table 3.3). The extent to which different MET/ lines substitute for 
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vernalisation is correlated with the extent of demethylation (Finnegan et al. , 1998). In the 
experiments described in section 3.3.7.1, the promotion of flowering in the METIi iine 7.2 
was equivalent to 25 °/o of the promotion caused by vernalisation in experiment 1. In 
experiment 2, where C24 was earlier flowering, the promotion of flowering in line 7.2 was 
equivalent to 52 % of the C24 vernalisation response. Therefore a reduction in METIi 
expression can also partially substitute for the vernalisation response in C24. 
3.3. 7.3 METIi transgenic lines respond to exogenous GA 
The plant hormone gibberellic acid (GA) promotes flowering of Arabidopsis (Langridge, 
1957) and plants with a deficiency in GA or GA-signalling flower late (Koornneef et al. , 
1985). One possible explanation for a reduction in METIi expression promoting flowering 
could be that a component of the GA pathway is upregulated in the METIi transgenic 
plants. To investigate this possibility, the flowering time of the MET// lines was compared 
to that of C24 in the presence and absence of exogenous GA. 
The experiment was carried out using plants grown in individual test tubes. GA-treated 
C24 plants flowered with 19 leaves compared to 33 leaves of untreated C24 (Table 3.3). In 
the presence of exogenous GA, the three MET// lines flowered early compared with their 
respective untreated lines (Table 3.3). The trend of flowering promotion in untreated METIi 
lines was conserved in the GA-treated lines, in that the earliest flowering line, 7.2 , was 
also the earliest after a GA treatment. Line 13.1, which had no promotion of flowering 
compared to the C24 control, flowered at the same time in the presence of GA as did GA-
treated C24 plants. 
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The effect of GA and the METIi constructs for lines 6.2 and 7.2 was additive, as GA-
treated MET// lines flowered earlier than GA-treated C24 plants (Table 3.3). This could 
mean that either METIi and GA act in separate pathways, both of which contribute to the 
early flowering response, or that METIi and GA act in a common pathway but that the 
early flowering response is not saturated by either GA or the effect of the METIi 
constructs. The GA treatment did not saturate the early flowering response, as vernalised 
C24 plants flowered with 12.68 leaves and GA-treated C24 flowered with 19 leaves (Table 
3.3, Experiment 1 ). This is consistent with published reports of GA only partially 
substituting for the vernalisation response (Chandler and Dean, 1994). 
3.3.8 Early flowering of METIi transgenic plants is not mediated by an 
obvious reduction in FLC expression 
The results described so far demonstrate that even though no detectable decrease in 
methylation occurs in METIi transgenic lines, plants with at least a 60 % reduction in METIi 
expression flower significantly earlier than wild type. In MET/ antisense (AMT) plants, the 
early flowering response has been attributed to a decrease in expression of the flowering 
repressor FLC (Sheldon et al., 1999). The expression of FLC was therefore investigated in 
the METIi transgenic lines, to see if their early flowering phenotype could also be 
explained by an effect on FLC expression. 
RNA from C24 and the three METIi transgenic lines was subjected to northern analysis 
using FLC as a probe. For lines 6.2, 7.2, and 13.1, no obvious decrease in FLC expression 
was observed in comparison to C24 (Figure 3.15a). In C24, a 7 day vernalisation 
treatment promoted flowering by 40 % compared to unvernalised plants, but the decrease 
in FLC expression, as judged by Northern analysis, was minimal (Sheldon et al., 2000). As 
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Figure 3.15 Expression of FLC and SOC1 in C24 and three METIi transgenic lines with 
reduced levels of METIi expression . RNA was extracted from 19 day old seedlings, 
separated on 1.2%, formaldehyde agarose gels and stained with EtBr. RNA was transferred 
to nylon filters and hybridised to either (A) FLC or (8) SOC1 riboprobes. The EtBr-stained 
gels are shown below as loading controls. Lane 1, C24; lane 2, line 6.2; lane 3, line 7.2; 
lane 4, line 13.1. 
the METIi transgenic plants had at most a 25 % promotion of flowering compared to C24 
in the absence of vernalisation (Table 3.3, experiment 2), it would be extremely difficult to 
see a corresponding decrease in FLC expression by northern analysis. 
The Suppressor of overexpression of CO 1 ( SOC1) gene encodes a floral promoter 
downstream of and down-regulated by FLC (Samach et al., 2000). Theoretically, if FLC 
expression was compromised in the MET// lines, an increase in SOC1 expression should 
be observed. The level of SOC1 expression was therefore analysed in the three METIi 
transgenic lines with reduced levels of METIi expression. Consistent with the lack of 
noticeable FLC expression, there was no major increase in SOC1 expression relative to 
C24 observed for any of the MET// lines (Figure 3.15b). 
3.3.9 Microarray analysis of a METIi transgenic line 
METIi transgenic lines with a 60 % or greater reduction in METIi expression flower early. 
The experiments described in the previous sections did not provide any explanation for 
this early flowering phenotype. To further investigate the molecular basis of the early 
flowering phenotype of the MET// lines, the expression pattern of approximately 13,000 
cDNA clones, representing about half of the Arabidopsis thaliana genome, was compared 
in C24 and the METIi transgenic line 7.2 using microarray analysis. Line 7.2 was chosen 
for initial analysis as it has only 22 % of wild type levels of METIi expression (Figure 3.7). 
T3 seed from the segregating T2 generation of line 7.2 was grown in the presence of 
kanamycin and RNA isolated from pooled kanamycin-resistant seedlings was used for the 
microarray analysis. The comparison and data analysis was carried out in quadruplicate as 
described in section 3.2.8. 
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The list of genes that were differentially induced or repressed by at least a factor of 2.0 in 
the MET// line 7.2 as compared to C24 is summarised in Table 3.4. In total, 44 genes were 
up-regulated and 14 genes were down-regulated in line 7.2 compared to C24. Of the up-
regulated genes, approximately 50 %, had a role in photosynthesis; of these genes, 30 % 
were chloroplast encoded, and the remaining were nuclear-encoded. The photosynthetic 
genes encoded Rubisco subunits, components of photosystems I and 11 , chlorophyll 
binding proteins and light-harvesting chlorophyll proteins (see Appendix 1 ). This result 
suggests that photosynthesis may be affected in the METIi transgenic line. 
Nineteen of the up-regulated genes were either unnamed cDNA clones or unknown, 
putative or hypothetical proteins. Blast-n searches showed that three of these genes were 
also homologous to photosynthetic genes (Table 3.4). Other genes up-regulated in line 7.2 
included CHALCONE SYNTHASE (CHS), VEGETATIVE STORAGE PROTEIN (VSP), 
peroxidase, catalase and ubiquitin-conjugating protein. These genes have roles in a 
variety of cell functions including photorespiration, lignification, flavinoid biosynthesis and 
cell maintenance (Appendix 1). The expression of CHS, VSP and catalase is light-
regulated. Of the 14 genes which were down-regulated in line 7.2, most were unknown or 
putative proteins with no known function. The few genes with known function included a 
nodulin-like protein, a water stress-induced protein and an amine oxidase-like protein 
(Appendix 1). 
To ensure that the relative changes in expression observed were not microarray artefacts, 
the expression profiles of several negative control genes were analysed. The expression 
levels of negative control genes such as beta-glucuronidase (uidA) , globin and green 
fluorescent protein in this microarray experiment were at background level (results not 
shown). Thirty DNA elements have been identified that showed no major change in 
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Table 3.4 Expression profile of genes, grouped by function, that were differentially induced 
(>2.00, in black print) or repressed (<0.50, in blue print) in the METIi transgenic line 7.2 
compared to wild type C24. See also Appendix 1 for functions of known genes. N/A; no 
accession number available. 
a median ratio of expression; where more than one value is given for the same gene, 
multiple clones were present on the slide. 
b for unidentified cDNA clones, hypothetical and putative proteins, Blast-n searches of 
each sequence were performed and the closest match listed. 
c chloroplast encoded gene 
Gene Ratioa Genepix Accession# Clone ID# Blast-N closest 
annotation ID# matchb 
Genes with photosynthetic roles 
Chlorophyll a/b 2.32 140 At2g34430 m6kp2d08f1 
binding protein 
1 precursor 
Ch lo rop hyll a/b 2.18 4327 At1g29930 m6kp50a07f1 
binding protein 
2 precursor 
Chlorophyll a/b 2.37 4095 At3g47470 m6kp47f03f1 
binding protein 4 
precursor 
Lhcb6 Light 2.02 5894 AY062113 23A1T7 
harvesting 
chlorophyll a/b 
protein 
Phosphate/triose 2.39 2559 At5g46110 m6kp28f03f 1 
phosphate 
translocator 
precursor 
Photosystem I 2.08 4222 At4g12800 m6kp48h10f1 
chain XI 
precursorc 
Photosystem I 2.09 3096 At1g03130 m6kp36b12f1 
subunit II 
precursorc 
Photosystem I 2.34 3004 At1g55670 m6kp35c04f1 
subunit V 
precursorc 
Photosystem II 2.14 2485 At1g79040 m6kp27h01f1 
10kOa 
polypeptide 
precursorc 
Photosystem II 2.07 3144 At1g67740 m6kp36f12f1 
core complex 2.00 2076 At1g67740 m6kp23e12f1 
protein Psbc 
Photosystem II 2.26 6158 At2g07738 slW122 
02 protein 
Psboc 
Putative 2.15 3964 At2g05070 m6kp46c04f1 
chlorophyll a/b 
binding protein 
Rotamase 2.28 1026 At3g01480 m6Ip 11 f06f1 
TLR40 
precursor, 
thylakoid lumen 
Gene Ratioa Genepix Accession# Clone ID# Blast-N closest 
annotation ID# matchb 
Rubisco small 2.09 4893 At1g67090 m6kp55h90f1 
unit 
Ru bisco small 2.52 3720 At5g38430 m6kp43f12f1 
subunit 1b 
Rubisco small 2.68 1980 At5g38420 m6kp22e12f1 
subunit 2b 
Rubisco small 2.91 4608 At5g38410 m6kp52g12f1 
subunit 3b 2.85 4913 At5g38410 m6kp56b05f1 
2.55 3882 At5g38410 m6kp45d06f1 
2.22 3830 At5g38410 m6kp44h02f1 
2.62 2446 At5g38410 m6kp27d1 0f1 
Genes with other roles 
Amine oxidase- 0.44 2341 At3g43670 m6kp26d01f1 
like protein 
Catalase 2.04 7254 N/A CA05e06 
Chalcone 2.40 6819 At5g13930 177N23T7 
synthase 
Nodulin-like 0.49 19763 At2g23990 T29E15.19 
protein 
Npr1-like-2 0.44 6363 N/A NIA 
Probable major 2.28 4510 At4g23670 m6kp51 h1 0f1 
latex protein 
Putative SF-16 2.44 3 At2g43680 m6kp1 a03f1 
protein 
(Helianthus 
annus) 
Prxr1 2.31 472 At4g21960 m6kp5h04f1 
peroxidase 2.02 6029 N/A slW411 
Putative 0.46 20110 At2g34060 T14G11.18 
peroxidase 
Ribosomal 2.35 1345 P42354 m6kp16a01f1 
protein L32° 
TNP2-like 0.49 19524 NIA T19K21.8 
transposon 
protein 
Ubiquitin- 2.02 2388 At1g64230 m6kp26g12f1 
conjugating 
protein 
Vsp2 Vegetative 2.53 6248 At5g24770 slW212 
storage protein 2.36 1755 At5g24770 m6kp20c03f1 
Water stress- 0.49 2901 At1g54410 m6kp34b09f1 
induced protein 0.36 2342 At1 g54410 m6kp26d02f1 
Gene Ratioa Genepix Accession# Clone ID# Blast-N closest 
annotation ID# matchb 
Genes with unknown roles 
cDNA clone 2.14 17581 At1g19120 AA042151 Unknown 
cDNA clone 4.15 17468 AA042459 H10E5T7 PSIP700 
apoprotein A 1 
cDNA clone 2.07 17470 At5g17920 AA042464 Homocysteine S-
methlltra nsferase 
cDNA clone 2.13 17038 N96316 G8C7T7 Mouse RNA 
binding erotein 
cDNA clone 2.55 16800 N96461 F4C6T7 Rps? ribosomal 
erotein 
cDNA clone 2.7 17420 W43884 H8A11T7 Part of chrom. 4 
cDNA clone 2.11 17051 N96785 G9D1T7 Part of 
Arabidopsis cp 
genome 
cDNA clone 2.31 15771 T42661 116C9T7 Similar to VIP2 
protein 
cDNA clone 2.16 16020 T76754 150P19T7 Ribosomal 
erotein L32 
cDNA clone 2.24 17229 At3g16130 W43642 PSI subunit XI 
precursor 
cDNA clone 3.61 17421 W43885 H8A12T7 PSIP700 
apoprotein A2 
cDNA clone 2.1 7068 X71915 GBGA476 Epithiospecifier 
gene 
cDNA clone 0.37 6192 AF446875 K18123 Part of chrom. 5 
cDNA clone 0.49 16869 N96600 F10F2T7 Part of chrom. 5 
Hypothetical 2.01 19509 At2g10020 F7819.16 
erotein 
Hypothetical 2.12 17505 At3g11600 AA042189 Part of chrom. 3 
erotein 
Hypothetical 2.28 17187 At4g01150 N97218 Arabidopsis 
erotein mRNA AF389292 
Hypothetica I 0.46 20198 At2g38680 T6A23.12 
protein 
Hypothetical 0.46 2591 At3g16860 m6kp28h11 f1 Candidate ARA 1 
protein SEB2 kinase 
Putative erotein 2.02 18825 At5g43980 MRH10 9 Unknown erotein 
-Putative protein 0.40 16885 At4g26450 N96063 Part of chrom. 4 
Putative erotein 0.49 2330 At4g37300 m6kp26c02f1 Part of chrom. 4 
Putative protein 0.31 18808 At5g56070 MDA7 12 Unknown 
Unknown 2.22 6392 N/A IW04e08 Part of chrom. 5 
Unknown 2.22 309 NIA m6ke4b09f1 
Unknown 2.43 1093 At1g78150 m6kp12d01f1 Part of BAC 
T11 I 11 
Unknown 0.43 3013 N/A m6kp35d01f1 
expression in 162 Arabidopsis microarray experiments, and thus serve as suitable 
reference genes (YVu et al., 2001 ). Of these elements, eight were present on this 
microarray, and the median ratios of expression in the MET// line and C24 of these 
elements ranged from 0.83 to 1.05. This indicates that the variability in expression of the 
other genes observed in the experiment reported here are likely to be real changes. 
3.4 Discussion 
Introduction of antisense and sense constructs against the METIi gene into Arabidopsis 
caused a reduction in METIi expression in three independent lines. Expression of METIi 
was reduced by up to 80 % compared to wild type levels. Despite the decrease in METIi 
expression, no overall reduction in genomic methylation levels was detected by RP-HPLC. 
Likewise, methylation-sensitive restriction enzyme assays did not detect any decrease in 
methylation at either CG and CTG sites within repetitive DNA sequences. In contrast, 
introduction of an antisense against the methyltransferase MET! results in up to a 90 % 
decrease in methylation at CG sites (Finnegan et al. , 1996). However, it is possible that 
METIi targets sequences other than CG, as similarity between MET/ and METIi is lower in 
the target recognition domain, which is responsible for determining the sequence to be 
methylated, than it is in other conserved amino acid motifs (Genger et al. , 1999). It is also 
possible that METIi methylates cytosines only in highly specific sequence contexts that are 
not detected by the assays used in this study. The human Dnmt3b enzyme selectively 
methylates certain satellite DNA sequences, establishing a precedent for sequence-
specific methylation (Xu et al. , 1999). 
Whereas MET/ antisense plants have a pleiotropic phenotype, displaying many 
developmental abnormalities (Finnegan et al. , 1996), the METIi transgenic lines did not 
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show any morphological abnormalities. Similarly, mice with disrupted Dnmt2 expression 
are phenotypically normal (Okano et al., 1998b) and antisense CMT3 Arabidopsis plants 
have no morphological phenotype, even though they display reduced CNG methylation 
(Lindroth et al., 2001). ddm1 mutants also show no abnormalities in early generations, but 
do after repeated selfing (Kakutani et al., 1995, 1996); perhaps the same could be true for 
the MET// lines. 
METIi cannot substitute for MET/, as METIi is still expressed in MET/ antisense plants 
where CG methylation is reduced by up to 90 % (Genger et al., 1999). Consistent with this, 
crossing lines with reduced levels METIi expression to fis mutant plants does not rescue 
the fis mutant phenotype, whereas as crossing MET/ antisense plants to fis mutants does 
rescue the phenotype (Luo et al., 2000). This indicates that METIi does not appear to play 
the same role as METI in regulating the activity of seed development genes downstream 
of the FIS genes. Together, these results suggest that METI I is likely to have completely 
different target sequences to METI. 
Although methylation levels are not detectably reduced in the METIi transgenic lines, 
decreasing METIi expression by at least 60 % promotes flowering compared to wild type 
plants. The decrease in METIi expression correlates with the time to flower, as the line 
with the greatest reduction in METIi expression is the earliest flowering. In contrast, a line 
with a 40 % reduction in METIi expression flowered at the same time as wild type plants. 
Perhaps a critical number of sites must be demethylated for promotion of flowering to 
occur, and the line with 40 % reduction in METIi expression still has enough residual 
METIi activity to keep those sites methylated. 
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Flowering is promoted by approximately 33 % in a MET/ antisense line that has an 80 % 
reduction in CG methylation levels (Finnegan et al., 1998). In the METIi cosuppressed line 
7.2, flowering is promoted by 25 % (Table 3.3, Experiment 2). This line has an 80 % 
decrease in METIi expression, but in contrast to the MET/ antisense line, the MET// line 
has no detectable decrease in methylation. If the promotion of flowering in the METIi 
transgenic plants is a result of the decrease in METIi expression, this indicates that METIi 
might methylate highly specific sites that are important for flowering. 
AMT-induced demethylation partially substitutes for a vernalisation treatment in C24 plants 
by down-regulating FLC expression (Finnegan et al., 1998; Sheldon et al., 1999). A 
reduction in METIi expression also promotes flowering, but has no detectable effect on 
FLC expression; therefore, the role of METIi in the vernalisation response is unclear. 
Vernalisation results in a 15 % decrease in methylation levels in Arabidopsis (Finnegan et 
al., 1998). Perhaps some of these same sites are normally methylated by METIi, allowing 
for a small early flowering response in plants with reduced METIi expression. 
Microarray analysis revealed that the majority of genes upregulated in the METIi 
transgenic line 7.2 are involved in photosynthesis. This suggests that METIi might regulate 
or affect the transcription of a upstream gene that then affects transcription of 
photosynthetic genes. The upstream control points of photosynthesis are varied and 
include light, sugar signalling and hormone signalling (Smeekens, 2000). No key 
transcription factor that regulates the expression of many photosynthetic genes has been 
identified (R Furbank, personal communication), making a candidate for regulation by 
METIi difficult to predict. It must also be considered that the METIi transgenic plants could 
be at a different stage of development than the wild type plants, and that the upregulation 
of photosynthesis genes and early flowering could be an indirect result of an unrelated 
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effect, such as the shortening of an earlier growth phase. The expression of many 
photosynthetic genes varies with development, for instance, during the transition of tissues 
such as developing seeds and young leaves from source to sink organs as the plant 
matures (R Furbank, personal communication; Graham and Martin, 2000). Expression of 
photosynthetic genes also declines with age (J Evans, personal communication). 
Genes related to photosynthesis are often among the most variable on microarray 
experiments, which is usually related to comparisons that have been made either between 
green and etiolated tissues, or between samples harvested at different times of the day 
(Wu et al., 2001 ). This does not apply to the experiments reported here, as the plants were 
grown under identical light conditions and harvested within a few minutes of each other. 
The up-regulation of photosynthetic genes provides a possible mechanism to explain the 
early flowering phenotype of the METIi transgenic line, although photosynthetic rates 
would need to be measured in the METIi transgenic plants and wild type plants to confirm 
this. An increased rate of photosynthesis would lead to a higher level of photosynthates, 
and photosynthate/carbohydrate supply is a determinant of flowering time. For example, 
exogenously-supplied sucrose induces flowering (Roldan et al., 1999), and analysis of 
carbohydrate metabolic mutants such as pgm and sex1 suggests that the availability of 
carbohydrate assimilates acts as a floral initiation signal (reviewed in Bernier et al., 1993). 
In this respect it was interesting that a phosphate translocator gene (gene #At5g46110) 
was up-regulated in the METIi transgenic line, as this protein is involved in regulating 
phosphate availability for sucrose synthesis (Taiz and Zeiger, 1991 ). 
Approximately 30 % of the up-regulated photosynthetic genes were chloroplast encoded. 
Although there is some evidence for chloroplast DNA methylation (Ohta et al., 1991; 
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Simkova, 1998), METIi cannot be directly involved in the regulation of these genes, as it is 
predicted to be a nuclear protein (Genger, 2000) and does not contain a chloroplast 
localisation sequence (as determined by the "ChloroP" prediction program; Emanuelsson 
et al., 1999). Therefore the up-regulation of the chloroplast encoded genes in the METIi 
transgenic line is likely to be due to an effect on a nuclear-encoded upstream regulator of 
these genes. Understanding of nuclear-chloroplast signalling is still at an early stage, but it 
is known that nuclear genes can coordinate chloroplast gene expression, and that light-
induced development, mediated by photoreceptors, involves the rapid accumulation of 
chlorophyll, photosynthetic membranes and photosynthetic proteins (Somanchi and 
Mayfield, 1999). The expression of two known genes, DET and COP, that repress 
transcription of genes required for chloroplast biogenesis (Deng et al., 1992; Christopher 
and Hoffer, 1998) is not affected in the MET// line, but there may be other as yet unknown 
genes involved in this process. 
As well as photosynthetic genes, several other light-regulated genes, such as CHALCONE 
SYNTHASE, VEGETATIVE STORAGE PROTEIN 2 (VSP2) and catalase were up-
regulated in the METIi transgenic line. Interestingly, the VSP2 gene is also upregulated in 
MET/ antisense plants, vernalised C24 plants, and flc-20 mutants that have no FLC protein 
(C Helliwell, personal communication), raising the possibility that VSP2 may be repressed 
by FLC. VSP1, a VSP2-related protein, has been shown to interact with the floral homeotic 
gene AGAMOUS and in addition to its role as a storage protein, is possibly involved in 
post-transcriptional regulation of transcription factors (Gamboa et al., 2001), so may be 
involved in promoting flowering or floral development. Perhaps METIi has a role in the 
regulation of VSP2. 
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Not all of the genes that were upregulated in the MET// line are light-regulated. This 
suggests that the upregulation of gene expression in the METIi transgenic line was caused 
by the METIi construct, due either to decrease in METIi expression or to an insertion effect 
of the transgene, and not due to experimental factors such as light conditions when 
harvesting. Of the few genes which were down-regulated in the METIi transgenic line (see 
Appendix 1), no clear pattern emerged among them to explain the early flowering 
phenotype of this line. 
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Chapter 4: Epigenetic control of flowering 
4.1 Introduction 
A widespread loss of methylation can have variable and often unpredictable effects on 
gene expression, resulting in both silencing of normally expressed genes and activation of 
normally silenced genes (Li et al. , 1993). Within a methylation-depleted genome, genes 
can also become densely hypermethylated, resulting in dysregulation of gene expression. 
Both ectopic expression of genes in tissues where they are normally inactive (Kishimoto et 
al., 2001) and silencing of normally active genes (Jacobsen and Meyerowitz, 1997) have 
been associated with hypermethylation. 
In the Arabidopsis C24 ecotype, reducing CG methylation to 10 % of wild type levels via 
the introduction of an antisense construct against the methyltransferase MET/ (antisense 
methyltransferase, AMT) results in a wide range of developmental abnormalities, including 
reduced apical dominance and leaf size, decreased fertility and abnormal floral 
phenotypes (Finnegan et al. , 1996). Expression of a different AMT construct, covering a 
larger region of MET/, in the Columbia (Col) ecotype yielded plants with approximately 30 
% of wild type genomic methylation levels and causes a similar range of developmental 
abnormalities (Ronemus et al. , 1996). However, the effects of demethylation on flowering 
time of the two ecotypes are markedly different. Demethylation in C24 results in plants that 
flower earlier than wild type (Finnegan et al. , 1998) , whereas demethylation in Col has the 
opposite effect, resulting in delayed flowering (Ronemus et al. , 1996). A second class of 
Col plants, obtained by an EMS-induced mutation in the DDM1 (decreased DNA 
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methylation) gene, have 25-30 % of wild type levels of methylation (Vongs et al., 1993). 
Unlike the C24-AMT and Col-AMT plants, ddm1 plants do not initially exhibit any abnormal 
phenotypes, other than a slight delay in flowering (Vongs et al., 1993; Kakutani et al., 
1995). However, after repeated selfing of the ddm1 mutant, a pronounced delay in 
flowering time is observed along with other developmental abnormalities (Kakutani et al., 
1996; Kakutani, 1997). 
The observations of the effect of AMT in Col and ddm1 in Col raise two questions. Why 
does AMT in Col cause late flowering to occur immediately, but ddm1 in Col only causes 
late flowering after several generations of inbreeding; and what is the mechanism by which 
a loss of methylation alters flowering time? 
Given that demethylation by expression of AMT causes late flowering in Col and early 
flowering in C24, it is probable that the genotype of the ecotype is the major determinant of 
the response to demethylation. C24 and Col also have ecotype-specific responses to 
vernalisation. Many ecotypes of Arabidopsis flower early in response to vernalisation 
(Napp-Zinn, 1985); in long day (LO) conditions, vernalisation induces an early flowering 
response in C24 (Finnegan et al. , 1998), but not in Col (Lee and Amasino, 1995). This 
variation in vernalisation response between the two ecotypes has been attributed to allelic 
differences at FRIG/DA (FRI) and FLOWERING LOCUS C (FLC) , two loci involved in the 
transition to flowering. FRI was first identified as a dominant gene conferring late flowering 
in the San-Feliu-2 (Sf2) ecotype, the repressive effect of which could be overcome by 
vernalisation (Lee et al., 1993). Like Sf2, C24 has a dominant allele of FRI that causes late 
flowering which is reversible by vernalisation (Sanda and Amasino , 1995), whereas Col 
has a recessive FRI allele containing a deletion that prematurely terminates the open 
reading frame (Johanson et al., 2000). FLC was identified as a locus that suppressed the 
late flowering caused by the FRI-Sf2 allele in the early flowering Landsberg erecta (Ler) 
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ecotype; when the FLC allele of Sf2 was combined with FRI-Sf2 in the Ler background, 
extremely late flowering was observed (Lee et al. 1 1994). Like FR/1 FLC is a repressor of 
flowering. Flowering time correlates with the level of FLC expression; ecotypes with high 
levels of FLC expression flower late (Sheldon et al., 1999), whereas ecotypes with null 
alleles of FLC flower very early (Michaels and Amasino, 1999a). As FRI acts to upregulate 
FLC, the level of FLC expression depends on the nature of the FRI allele (Michaels and 
Amasino, 1999a; Sheldon et al., 1999). C24, with a dominant FRI allele, has a moderately 
high level of FLC expression and flowers later than Ler and Col, which have recessive FRI 
alleles and very low levels of FLC expression (Sheldon et al., 1999). However, the Col 
FLC allele does delay flowering when it is introgressed into the Ler background (Lee and 
Amasino, 1995; Sheldon et al. 1 1999). FLC expression is down-regulated by both 
vernalisation (Michaels and Amasino, 1999a; Sheldon et al., 1999) and demethylation 
(Sheldon et al., 1999). The mechanism by which demethylation down-regulates FLC 
expression is unknown, although it does not involve changes in the methylation status of 
the FLC sequence (EJ Finnegan, personal communication). The different levels of FLC 
expression observed in C24 and Col provide an explanation for why C24 responds to 
vernalisation and demethylation by flowering early, but Col does not. Reducing the FLC 
expression of Col further by demethylation or vernalisation has no effect on flowering time, 
as the level of FLC expression in Col is already low (Sheldon et al., 1999). 
There are distinct differences between AMT and ddm1 both in the way they affect 
methylation levels and the sequences that are affected. The MET/ antisense, which has a 
dominant effect, causes a reduction in methylation due to loss of methyltransferase activity 
(Finnegan et al. , 1996). In contrast, levels of methyltransferase activity are not depleted in 
the recessive ddm1 mutants (Kakutani et al., 1995). The OOM1 gene product has 
homology to the SWI/SNF group of chromatin-remodelling ATPase proteins which modify 
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or disrupt protein-DNA interactions (Jeddeloh et al. , 1999; Brzeski and Jerzmanowski , 
2003). It is thought to act as a transcriptional co-activator, or by facilitating the methylation 
of certain sequences, perhaps by physically allowing access of methyltransferases to DNA 
(Jeddeloh et al. , 1999). In the last case, when ODM1 is mutated, DNA sequences would 
no longer be accessible to methyltransferases, and the level of methylation would 
consequently decrease. 
In MET/ antisense plants loss of methylation occurs mostly within symmetric CG 
sequences, in both repeated sequences such as centromeric and ribosomal DNA in plants 
from the T1 and all subsequent generations (EJ Finnegan, personal communication; 
Finnegan et al. , 1996; Kishimoto et al., 2001 ), as well as in at least four single-copy 
sequences in T2 generation plants (Ronemus et al. , 1996). In ddm1 mutants decreased 
methylation at both CG and CNG sites is observed, initially only in repeated sequences 
such as ribosomal DNA genes; in early generations of ddm1, two single-copy sequences 
that are normally methylated in wild type plants remain methylated (Vongs et al., 1993). 
However, after six generations of inbreeding, loss of methylation at these single-copy 
sequences is observed, in conjunction with the accumulation of developmental 
abnormalities and late flowering (Kakutani et al. , 1996; Kakutani, 1997). Therefore in AMT 
and ddm 1 plants, a loss of methylation occurs at different rates and at different sites, 
reflecting the different mechanisms causing demethylation. 
The late flowering phenotype of inbred ddm1 plants was mapped to a region containing 
the flowering time gene FWA (Kakutani , 1997). FWA is a repressor of flowering , first 
identified in the late flowering semi-dominant fwa mutant (Koornneef et al. , 1991 ). The Ler 
wild type does not express FWA, as the promoter is methylated , but hypomethylation 
within a 5 Mb region around FWA results in its expression in the fwa mutant (Soppe et al. , 
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2000). Repeated selfing of the ddm1 mutant, which results in a loss of methylation at 
single-copy sequences, is associated with demethylation of FWA and late flowering 
(Soppe et al. , 2000). 
The experiments described in this chapter attempted to elucidate the molecular basis for 
the different effects of demethylation on flowering time in the C24 and Col ecotypes. At the 
time the backcrossing program described in this chapter commenced, it was not known 
that the up-regulation of FWA causes late flowering in Col plants with low methylation and 
the down-regulation of FLC causes early flowering in C24 plants with low methylation. The 
experiments also confirmed that both AMT and ddm1 in the Col background delay 
flowering, but that this delay occurs in different generations, reflecting the different 
mechanisms of demethylation. Could the fact that AMT immediately affects both repeated 
and single copy sequences, whereas ddm1 initially affects repeated sequences, and single 
copy sequences only after several generations of inbreeding, contribute to these opposing 
effects? The effects of AMT and ddm1-induced demethylation were compared in genetic 
backgrounds which had equivalent alleles of FRI, FLC and FWA. This enabled an 
investigation into whether like AMT, ddm1 could promote flowering in a background with 
high levels of FLC expression, and into the mechanism by which FLC down-regulation 
occurs in response to demethylation. 
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4.2 Materials and Methods 
4.2.1 Flowering time experiments 
Flowering time experiments were carried out under LO conditions (16 h light, 8 h dark) in 
individual test tubes or in pots as per section 2.9. The light intensity ranged from 100-
120 µE. 
4.2.2 Plant lines used for backcrossing 
The early-flowering third generation MET/ antisense line #10.5 (AMT, anti-
methyltransferase) in the C24 background (Finnegan et al., 1996) and the late-flowering 
seventh generation ddm1 mutant line #10 in the Columbia background (gift of Eric 
Richards, Washington University, St Louis) were crossed to near-isogenic Landsberg 
erecta (Ler) lines into which the FLC allele of either Col (Ler FLC-Col; Koornneef et al., 
1994) or Sf2 (Ler FLC-Sf2; Lee et al., 1994) had previously been introgressed. C24 (AMT 
wild type) and Col (OOM1 wild type) were crossed to the two Ler lines in parallel as 
controls for the genetic backgrounds of AMT and ddm 1. 
4.2.3 Screening F1 progeny 
All F1 progeny were screened using the nga Ill SSLP microsatellite marker. PCR reactions 
contained 10 mM Tris pH 8.3, 50 mM KCI, 2 mM MgCb, 200 µMeach of dATP, dTTP, 
dGTP and dCTP, 0.25 µM of each primer, 1 unit of Perkin-Elmer Taq polymerase and 1 µL 
of template DNA (prepared using a modification of the Edwards plant DNA mini-
preparation, see section 2.5.3) in a final volume of 20 µL. Primers were CTC CAG TTG 
GAA GCT AAA GGG (nga ///-F) and TGT TTT TTA GGA CAA ATG GCG (nga ///-R) (Bell 
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and Ecker, 1994). Cycling conditions for the nga Ill PCR were as follows: one cycle of 
94 °C 3 min, 50 °C 30 sec, 72 °C 30 sec; 29 cycles of 94 °C 10 sec, 50 °C 10 sec, 72 °C 
30 sec; and a final cycle of 72 °C 10 min, 25 °C 2 min. Reaction products were resolved on 
8 % acrylamide gels which were stained for 15 min in 50 µg/µL EtBr. 
4.2.4 Generation and screening of backcrossed plants 
Heterozygous F1 progeny identified by nga Ill SSLP analysis were backcrossed to the 
recurrent Ler parental line, followed by four additional backcrosses to produce near 
isogenic lines with normal and low levels of methylation. The methods used to screen each 
generation of backcrossed plants are described in the following sections. 
4.2.4. 1 AMT backcrosses 
Backcrosses of AMT to Ler FLC-Sf2 and Ler FLC-Col were screened at each generation 
for the presence of the MET/ antisense transgene by PCR as per section 2.4. 
4.2.4.2 ddm1 backcrosses 
Backcrossed progeny of ddm 1 to Ler FLC-Sf2 and Ler FLC-Col were screened at each 
generation for the presence of the m555 cleaved amplified polymorphic sequence (CAPS) 
marker. PCR conditions were as per section 4.2.3 except that 1.0 µM of each primer was 
used. Primers were CTC TTG AAT TAT ATT AAG TTG ACT AG (m555-1) and CCT TTA 
ATT AGT TAT CAA ATC (m555-2) (TAIR genetic marker accession #1945684; 
www.arabidopsis.org). Cycling conditions for the m555 PCR were 30 cycles of 93 °C 
30 sec, 49 °C 30 sec and 72 °C 30 sec. The PCR reaction products were purified on 
Sephadex G-50 spin columns and digested with Accl (New England Biolabs) overnight in 
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1 x J universal restriction buffer (section 2.6.1) at 37 °C. Digests were resolved on 8 % 
acrylamide gels which were stained for 15 min in 50 µg/µL EtBr. 
4.2.4.3 C24 and Col (DDM1) backcrosses 
The F1 and BC1 progeny of the C24 and the Col crosses were screened using the nga Ill 
SSLP marker as per section 4.2.3. Subsequent generations were not screened. 
4.2.5 Genotyping of BC5 lines 
4.2.5.1 Genotyping at FLC 
C24 and AMT lines backcrossed to Ler FLC-Sf2 were genotyped at the FLC locus using an 
FLC CAPS marker to differentiate between C24 and Sf2. PCR conditions were as for 
section 4.2.3 except that the primers used were GCA ATA GCG AGC AGT GGC GG 
(JO011-P1) and GCC GCA TTG TAG CTA CAT G (JO015-P1). Cycling conditions for the 
FLC CAPS PCR were as follows: one cycle of 93 °C 2 min, 60 °C 1 min, 72 °C 1 min; 30 
cycles of 93 °C 30 sec, 60 °C 30 sec, 72 °C 30 sec; and a final cycle of 72 °C 5 min , 25 °C 
2 min. The PCR reaction products were purified on Sephadex G-50 spin columns and 
digested with Taal (MBI Fermentas) overnight in 1 x J universal restriction buffer (section 
2.6.1) at 37 °C. Reaction products were resolved on 8 % acrylamide gels which were 
stained for 15 min in 50 µg/µL EtBr. 
C24 and AMT lines backcrossed to Ler FLC-Col were genotyped at the FLC locus by PCR 
using an FLC sequence polymorphism to differentiate between the C24 and Col ecotypes. 
The FLC PCR conditions were as per section 4.2.3 and sequencing was performed as per 
section 2.10 using the JO015-P1 primer. 
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Col and ddm1 lines backcrossed to Ler FLC-Sf2 were genotyped at the FLC locus using 
the nga 225 SSLP marker to differentiate between Col and Sf2. PCR conditions were as 
for section 4.2.3 except that the primers used were GAA ATC CAA ATC CCA GAG AGG 
(nga 225-F) and TCT CCC CAC TAG TTT TGT GTC C (nga 225-R). Cycling conditions for 
the nga 225 PCR were as follows: one cycle of 93 °C 2 min, 60 °C 1 min, 72 °C 1 min; 30 
cycles of 93 °C 30 sec, 60 °C 30 sec, 72 °C 30 sec; and a final cycle of 72 °C 5 min, 25 °C 
2 min. Reaction products were resolved on 2 % agarose gels and visualised with EtBr. 
4.2.5.2 Genotyping at FRI 
C24 and AMT lines backcrossed to Ler FLC-Sf2 and to Ler FLC-Col were genotyped at the 
FRI locus by PCR using an FRI sequence polymorphism to differentiate between C24 and 
Ler. The FRI PCR conditions were as per section 2.4, except that the primers used were 
ACA GAG TCT ACA AGT ATG G (ERI-F) and CTG GCA GAG CTC ATA GG (ERI-R). 
Sequencing was performed as per section 2.10 using the ERI-F primer. Col and ddm1 
lines backcrossed to Ler FLC-Sf2 were genotyped at the FRI locus by PCR using an FRI 
sequence polymorphism to differentiate between Ler and Col FRI alleles in the same 
manner. 
4.2.6 Selection of ddm1 homozygous lines 
Progeny plants of the selfed BC5 Ler FLC-Sf2/ddm1 line were screened by PCR to identify 
plants homozygous for the ddm1-1 mutation. PCR conditions were as per section 4.2.3, 
except that primers used were TCT CTC TCT TTG CCT TGA AAC A ( ddm 1-1 L) and GTC 
CAT TTG AGG GTT CTG GA (ddm1-1R). Cycling conditions for the ddm1-1 PCR were as 
follows: one cycle of 93 °C 2 min, 55 °C 1 min, 72 °C 1 min; 30 cycles of 93 °C 30 sec, 
55 °C 30 sec, 72 °C 30 sec; and a final cycle of 72 °C 5 min, 25 °C 2 min. Sequencing of 
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PCR products was performed as per section 2.10 using either the ddm 1-1 L or the ddm 1-
1 R primer. 
4.2. 7 Methylation analysis 
DNA from the backcrossed lines was assayed for CG methylation at repeated sequences 
by digestion with Mspl and Hpal I and hybridisation to a 180 bp centromeric repeat probe 
(Martinez-Zapater et al., 1986) as per section 2.6.1. Southern analysis of the single-copy 
FWA gene was performed as above except that digested DNA was hybridised to the 
VE030 plasmid containing FWA cDNA #VBVAF04, corresponding to Genbank accession 
#Z30932 0N Soppe, personal communication). 
4.2.8 RNA expression analysis 
Total RNA was extracted as per section 2. 7 and was assayed by Northern analysis for the 
level of UFC, FLC and SOC1 expression as per section 2.8.1. The UFC riboprobe was 
prepared from the BamHl-linearised PJO034 plasmid containing a 1.4 kb fragment 
covering the complete cDNA (Sheldon et al., 1999). For details of FLC and SOC1 
riboprobes, see section 3.2.6. 
4.2.9 RT-PCR for FWA expression 
RT-PCR for FWA expression was performed using the Access RT-PCR system 
(Promega). RT-PCR reactions contained 1 x AMVRT/Tfl buffer, 1 mM MgSO4 , 0.2 mM 
dNTP's, 50 ng each primer, 1 unit of AMV reverse transcriptase, 2 units of Tf/1 polymerase 
and 1 µg of • Nase-treated RNA in a final volume of 20 µL. Primers for FWA were GCA 
AA T GGG TCA ACG TGT TTG C ( 5' fwa-cod3) and TCA GTC AAG TTG GT A GAT GAA 
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AG (3' fwa-cod3). Cycling conditions for the FWA RT-PCR were as follows: one cycle of 
48 °C 45 min; 40 cycles of 95 °C 30 sec, 55 °C 30 sec, 72 °C 1 min; and a final cycle of 
72 °C 5 min, 28 °C 1 min. Reaction products were resolved on 2 % agarose gels and 
visualised with EtBr. 
4.3 Results 
4.3.1 Demethylation in Columbia delays flowering 
Plants of the C24 ecotype with reduced methylation levels flower earlier than wild type 
plants in LO (Finnegan et al., 1998). Preliminary experiments in this laboratory confirmed 
that early generations of ddm1 flowered only two days later than Col in LO (Genger, 2000) . 
However, later generations of ddm1 were reported as having a distinct late flowering 
phenotype (Kakutani, 1997) and as mentioned, expression of an antisense MET/ construct 
in Col also delayed flowering (Ronemus et al., 1996). To confirm reports that 
demethylation in Col delays flowering, the flowering time of seventh-generation ddm 1 
mutants and of Col plants carrying the same AMT construct that was originally used to 
transform C24 was measured in LO conditions. 
In the first experiment, Col flowered after 19.1 days, whereas the ddm1 mutant took 32 .1 
days to flower (Table 4.1). This agrees with published results of ddm 1 being late flowering 
(Kakutani, 1997). To confirm that the genetic background is an important determinant of 
flowering time, and that the difference was not just due to variable effects of ddm 1 and 
AMT, Col lines containing the AMT transgene (gift of Herve Vaucheret, INRA, France) 
were tested in the same conditions. Two lines, AMT-Col #46 and AMT-Col #95, which had 
been identified as having reduced levels of methylation (H Vaucheret, personal 
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Plant line Flowering time (days) 
~-- . ' ' 
Unvernalised Vemalised 
Columbia 19.1 + 0.4 18.2 + 0.3 
ddm1 32.1 + 1.0 33.9 + 1.1 
Table 4.1 Flowering time of Columbia and ddm1 in LO conditions expressed as number of 
days+ SE. 
Columbia 13.9+0.6 
AMT-Co/"#46 32.3+ 1.2 
AMT-Col #95 29.6 + 0.4 
Table 4.2 Flowering time of Columbia and AMT-Col lines in LO conditions, expressed as 
number of days± SE. 
communication) were analysed. In this experiment, Col flowered after 13.9 days (Table 
4.2). Flowering was delayed in both AMT-Col lines; line #46 flowered after 32.3 days, and 
#95 flowered after 29.6 days (Table 4.2). Therefore when the AMT transgene is expressed 
in the Col background, late flowering is observed, suggesting that the genetic background 
is an important determinant of the flowering response to demethylation. 
The genetic background of C24 and Col also determines their response to vernalisation. 
C24, with high FLC expression levels, flowers early in response to vernalisation in LO 
(Finnegan et al., 1998) due to down-regulation of FLC expression (Sheldon et al., 1999); 
Col, with low levels of FLC expression, is not responsive to vernalisation (Lee and 
Amasino, 1995). The ddm1 mutant in the Col background also has low levels of FLC 
expression. To determine whether the late flowering ddm1 mutant could respond to 
vernalisation, the flowering time of vernalised Col and ddm1 mutants was measured in LO. 
A three week vernalisation treatment resulted in Col flowering after 18.2 days, compared 
to 19.1 days of unvernalised control plants (Table 4.1 ). Vernalised ddm1 plants flowered 
after 33.9 days, compared to 32.1 days for unvernalised controls (Table 4.1 ). Therefore, 
late flowering Col plants with low methylation levels do not respond to vernalisation in LO. 
The late flowering phenotype of late-generation ddm1 plants has been mapped to the 
FWA gene (Kakutani, 1997), with demethylation of FWA in ddm1 plants resulting in its 
expression (Soppe et al., 2000). The fwa mutant, which expresses FWA, does not respond 
to vernalisation (Koornneef et al., 1991), consistent with ddm1 lacking a vernalisation 
response. 
Together, these results show that the genetic background of each ecotype clearly plays a 
part in determining the response of the ecotype to vernalisation and demethylation. AMT 
promotes flowering in backgrounds with high FLC levels, whereas ddm 1 delays flowering 
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in a low FLC background, due to demethylation and up-regulation of FWA. Could ddm1 
have the same effect as AMT and promote flowering in a background with high FLC 
expression? 
The mechanism by which demethylation leads to the down-regulation of FLC expression is 
unknown. It does not involve direct demethylation of the FLC promoter or coding region 
(EJ Finnegan, personal communication), but may involve either demethylation of a trans-
acting repressor of FLC, or an alteration of chromatin structure induced by low 
methylation, that could act as part of a long-range mechanism. As mentioned, AMT affects 
methylation of both single-copy and repeated sequences (Finnegan et al., 1996; Ronemus 
et al., 1996) whereas ddm1 initially affects repeated sequences (Vongs et al., 1993) and 
only affects single-copy sequences after repeated selfing (Kakutani et al., 1996). The 
mechanism of FLC down-regulation could require demethylation of single copy sequences, 
or repeated sequences, or both. 
4.3.2 Production of backcrossed lines 
To investigate the role of demethylation of single copy vs repeated sequences in the 
down-regulation of FLC, AMT plants and ddm 1 mutant plants were crossed to Ler lines 
containing dominant alleles of FLC from either Col or Sf2 as per section 4.2.2. Both Ler 
lines have the recessive null Ler FRI allele (Johanson et al., 2000), moderately high levels 
of FLC expression (Sheldon et al., 1999) and the Ler FWA allele, which is not expressed 
(Soppe et al., 2000). It should therefore be possible to observe the effect of demethylation 
caused by AMT and ddm1 on an equivalent basis in these lines. 
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The F1 progeny of crosses between C24, AMT, Col or ddm1 and the isogenic Ler lines 
were screened using the nga Ill SSLP microsatellite marker. The nga Ill primers flank 
simple sequence repeats in the Arabidopsis genome (Bell and Ecker, 1994) and the PCR 
amplification product distinguishes between Ler, C24 and Col in a co-dominant fashion, 
enabling heterozygotes to be easily identified. Figure 4.1 shows the PCR products 
amplified from three representative F1 heterozygous progeny plants of the C24 and AMT x 
Ler FLC-Col or Ler FLC-Sf2 crosses. Figure 4.2 shows the SSLP analysis of eight 
representative F1 heterozygous progeny plants of the Col x Ler FLC-Col or Ler FLC-Sf2 
crosses. 
The first and subsequent backcrosses (BC1 - BCS) of AMT to Ler FLC-Sf2 and Ler FLC-
Col were screened for the presence of the MET/ antisense transgene by PCR. Figure 4.3 
shows a representative sample of products amplified from DNA of the BC1 Ler FLC-
Sf2/AMT plants. Plants #1-6, #8 and #9 (lanes 3-8, 10 and 11) were positive for the AMT 
transgene. Results for the BC2 to BC4 generations are not shown. Figure 4.4 shows the 
final PCR screening of the BCS Ler FLC-Col/AMT and BCS Ler FLC-Sf2/AMT lines. Plants 
that had inherited the transgene were identified as BCS Ler FLC-Col/AMT #3 and #4 
(lanes 5 and 6), and BCS Ler FLC-Sf2/AMT #1 and #3 (lanes 9 and 11). Selfed plants of 
the AMT BCS lines were not tested for the presence of the MET/ antisense transgene. The 
BCS generation would have been heterozygous for the transgene, and the BC50 
population would be segregating for the transgene. However, as MET/ antisense plants 
that are null for the transgene still have low methylation levels and flower early (Finnegan 
et al., 1998), the effect of the MET/ antisense should still be observed in this segregating 
population. 
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Figure 4.1 Nga Ill SSLP analysis of F1 plants on an 8% acrylamide gel. 
Lane M, pUC19/Hpall marker; lane 1, C24; lane 2, Ler; lane 3, AMT x Ler FLC-Col; 
lane 4, C24 x Ler FLC-Col; lane 5, C24 x Ler FLC-Sf2. Heterozygous plants (lanes 3-5) 
contain bands corresponding to those found in both the Ler parent and the C24 parent. 
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Figure 4.2 Nga Ill SSLP analysis of F1 plants on an 8% acrylamide gel. 
Lane 1, Col; lane 2, Ler; lane 3 - 7, Col x Ler FLC-Sf2 #1-5; lane 8-10, Col x Ler FLC-Col 
#1-3. Heterozygous plants (lanes 3-10) contain bands corresponding to those 
found in both the Ler parent and the C24 parent. 
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Figure 4.3 AMT PCR analysis of BC1 plants on a 2% agarose gel. 
Lane M, pUC19/Hpall marker; lane 1, AMT line 10.5 positive control; lane 2, water negative 
control; lanes 3 - 12, individual BC1 Ler FLC-Sf2/AMT plants #1-10. 
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Figure 4.4 AMT PCR analysis of BCS plants on a 2% agarose gel. 
Lane M, marker pUC19/Hpall; lane 1, AMT line 10.5 positive control; lane 2, water negative 
control; lanes 3 - 8, individual BC5 Ler FLC-Col/AMT plants #1-6; lanes 9-17, individual 
BC5 Ler FLC-Sf2/AMT plants #1-9. Bands at 500 bp and above are the result of non-
specific amplification. Only plants with a strong band at 250 bp matching that of the positive 
control were classed as positive for the AMT construct. 
The backcrosses of ddm1 to Ler FLC-Sf2 and Ler FLC-Col were screened for the 
presence of the m555 cleaved amplified polymorphic sequence (CAPS) marker to 
differentiate between Col and Ler ecotypes at the m555 locus, which is closely linked to 
the DDM1 locus on Arabidopsis chromosome V (Arabidopsis thaliana Science Genome 
Map 9; TAIR, www.arabidopsis.org). The 150 bp Col PCR product is not cut by Accl, but 
the Ler product is cut once, producing fragments of 100 and 50 bp. Heterozygous plants 
should therefore have three bands, one each of 150, 100 and 50 bp, whose intensity 
decreases in proportion to their size. Figure 4.5 shows the CAPS analysis of a 
representative sample of BC 1 Ler FLC-Sf2/ddm 1 plants. Plants #1 and #4 (lanes 4 and 7) 
were identified as heterozygotes and used in subsequent backcrossing. Subsequent Ler 
FLC-Sf2/ddm1 BC generations were screened in the same manner (results not shown). 
Figure 4.6 shows the final CAPS analysis of the BC5 Ler FLC-Sf2/ddm1 plants. Plants #1, 
#2 and #9 (lanes 4, 5 and 12) were heterozygous for the m555 marker from Col. 
When screening of the Ler FLC-Col/ddm1 BC1 generation commenced, it became 
apparent that either no heterozygotes existed among the plants tested , or that the m555 
marker failed to distinguish between Ler FLC-Collddm1 DNA and Col DNA (Figure 4.7). 
DNA from the Ler FLC-Col parental line was subsequently analysed using the m555 CAPS 
PCR (Figure 4.8) . The Ler FLC-Col PCR product (lane 4) was not cut by Acc1, producing 
a fragment indistinguishable from Col (lane 2). These data suggest that when FLC-Col 
was introgressed into the Ler background that either a large section of the Col 
chromosome containing the m555 locus as well as FLC was introgressed, or that a double 
crossover between m555 and FLC may have occurred. FLC and DDM1 are at opposite 
ends of chromosome V (Figure 4.9). As the Ler FLC-Col/ddm1 backcrossed lines could 
not be distinguished from the Ler FLC-Col parental line using the m555 marker that is 
closely linked to DDM1 , they were abandoned after the first BC generation, because 
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Figure 4.5 m555 CAPS analysis of BC1 plants on an 8% acrylamide gel. 
Lane M, pUC19/Hpall marker; lane 1, Ler; lane 2, Col; lane 3, Ler + Col reconstructed 
heterozygote; lanes 4 - 8, individual BC1 ddm1 x Ler FLC-Sf2 plants #1-5; lane 9, water 
negative control. Note: the digest of Ler is incomplete, hence a faint non-stoichiometric 
band is seen at 150 bp in lane 1. This incomplete digest can be differentiated from a 
heterozygote, e.g. in lane 4, because the lower bands in lane 1 are much brighter than the 
150 bp band. 
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Figure 4.6 m555 CAPS analysis of BC5 plants on an 8% acrylamide gel. 
Lane M, pUC 19/ Hpal I marker; lane 1, Col ; lane 2, Ler; lane 3, Ler + Col reconstructed heterozygote; 
lanes 4-13, individual BC5 Ler FLC-Sf2/ddm1 plants #1-10 ; lane 14, water negative control 
containing primer-dimers. 
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Figure 4.7 m555 CAPS analysis of BC1 plants on 8% acrylamide gel. 
Lane M, marker pUC19/Hpall; lane 1, Ler; lane 2, Col; lane 3, Ler + Col reconstructed 
heterozygote; lanes 4 - 6, individual BC1 Ler FLC-Col/ddm1 plants #1-3. 
Note: the 1 00bp and 50 bp Ler bands in lane 3 are very faint (white arrowheads), probably 
due to the reconstructed heterozygote sample containing less Ler DNA than Col DNA 
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Figure 4.8 m555 CAPS analysis of parental lines on an 8% acrylamide gel. 
Lane M, marker pUC19/Hpall; lane 1, Ler; lane 2, Col; lane 3, Ler + Col reconstructed 
heterozygote; lane 4, Ler FLC-Col parental line. 
26---DDM1 
27--
Figure 4.9 Chromosome V. Data taken from AGI map via wvvw.arabidopsis.org 
Dark blue region indicates centromere, light blue region indicates areas of highest 
transposon frequency (The Arabidopsis Genome Initiative, 2000). Scale is in megabases. 
introgression of the ddm1 mutation could not be assessed. Since this experiment 
commenced, DDM1 and its various mutant alleles have been sequenced. If this 
information had been available at the time, then PCR and sequencing across the mutation 
site could have been used to identify the Ler FLC-Collddm 1 lines. 
The BC1 progeny of the C24 x Ler FLC-Col, C24 x Ler FLC-Sf2, and Col x Ler FLC-Sf2 
crosses were screened using the nga Ill SSLP marker to ensure that the pollen donor had 
been the F1 heterozygote and not the Ler parental line (results not shown). However, the 
progeny of subsequent backcrosses were not screened for this marker in order to avoid 
selecting for either C24 or Col genomic sequences identified by the nga Ill primers, lest 
these affect flowering time. 
4.3.3 Genotyping of backcrossed lines 
The near isogenic BC5 lines, differing by the presence of AMT or the ddm1 mutation, were 
self-fertilised and a pooled sample of BC5® progeny plants were analysed for their 
genotype at FRI and FLC. In each case the BC5 lines were genotyped to ensure that they 
were homozygous for both FRI and FLC from the Ler parental line, i.e. FRI-Ler and FLC-
Col in the Ler FLC-Col backcrosses, and FRI-Ler and FLC-Sf2 in the Ler FLC-Sf2 
backcrosses. This was done to ensure that results of the analysis, particularly flowering 
time experiments, were comparable with respect to the effects of FRI and FLC. 
The backcrossing scheme and points at which screening was performed is outlined in 
Figure 4.10. A summary of all genotyped lines, method of determination and genotype at 
FRI and FLC is given in Table 4.3. 
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Figure 4.10 Diagrams outlining production of backcrossed lines, showing the timing and 
nature of screening procedures performed during the backcrossing process. 
(A) , Production of Ler FLC-Sf2/C24, Ler FLC-Sf2/AMT, Ler FLC-Col/C24 and 
Ler FLC-Col/AMT lines. 
(8) , Production of Ler FLC-Sf2/DDM1 and Ler FLC-Sf2/ddm1 lines. 
Ler FLC-Sf2 or X c24 or AMT 
Ler FLC-Col 
Ler FLC-Sf2 or X F1 Ler FLC-Sf2 x C24 or AMT+- Test for nga Ill SSLP 
Ler FLC-Col F 1 Ler FLC-Col x C24 or AMT markers Ler vs C24 
Ler FLC-Sf2 or X BC1 Ler FLC-Sf2/C24 or AMT ,.•1--- Test AMT lines for 
Ler FLC-Col BC1 Ler FLC-Col/C24 or AMT MET! transgene by PCR 
Ler FLC-Sf2 or X BC2 Ler FLC-Sf2/C24 or AMT 
Ler FLC-Col BC2 Ler FLC-Col/C24 or AMT • 
Test AMT lines for MET/ 
transgene by PCR in BC2, 
BC3 and BC4 generations 
(A) 
BC3, BC4 
. 
. 
T 
BC5 Ler FLC-Sf2/C24 or AMT 
BC5 Ler FLC-Col/C24 or AMT 
BC5@Ler FLC-Sf2/C24 or AMT 
BC5®Ler FLC-Col/C24 or AMT 
•-- Test AMT iines for MET/ transgene 
byPCR 
• Genotype at FRI and FLC 
Assay for CG methylation 
(Plant Ler FLC-Col/C24 #3-1 only) 
2nd generation BC5@Ler FLC-Col/C24 #3-1 .. •-----Genotype at FRI and FLC 
Ler FLC-Sf2 X DDM1 (Col) or ddm1 
i 
X F1 Ler FLC-Sf2 x DDM1 (Col) • Ler FLC-Sf2 or ddmt Test for nga Ill SSLP markers for Ler vs Col, and test ddm1 
F1 plants for m555 CAPS 
marker 
Ler FLC-Sf2 X ~~dd~; FLC-Sf2/DDM1 (Col) • Test ddm1 lines for m555 
CAPS marker 
X BC2 Ler FLC-Sf2/DDM1 (Col) • Test ddm1 lines for m555 CAPS Ler FLC-Sf2 or ddmt --
marker in BC2, BC3 and BC4 
BC3, BC4 ~ 
. 
. 
. 
. 
BCS Ler FLC-Sf2/DDM1 (Col) or ddm1 •i-------
generations 
Test ddm1 lines for 
m555 CAPS marker 
BCS@ Ler FLC-Sf2/DDM1 (Col) or ddm1 -4111• ---- Test ddm1 lines for homozygosity 
of m555 CAPS marker 
Genotype at FRI and FLC 
Assay for CG methylation ddm1 homozygous plant 
2nd generation BCS@ Ler FLC-Sf2/ddm1 ... •.,___, __ _ 
(B) 
Check homozygosity of 
ddm1-1 mutation 
Ler FLC-Col/C24 #3-1®b Ler 
Ler FLC-Col/AMT #3 Ler 
Ler FLC-Sf2/C24 #1 Ler 
Ler FLC-Sf2/AMT #1 Ler 
Ler FLC-Sf2/DDM1 #5 Ler 
Ler FLC-Sf2/ddm1 #1-3®b, c Ler 
Sequence 
polymorphism 
" 
" 
" 
" 
" 
Col 
Col 
Sf2 
Sf2 
Sf2 
Sf2 
Table 4.3 Genotyping of selfed BCS lines used in final analysis. 
Sequence 
polymorphism 
" 
CAPS PCR 
" 
SSLP analysis 
" 
a genotype at FRI or FLC; all lines were homozygous for the allele listed 
b self-fertilised an extra generation 
c this line was also homozygous for the ddm1-1 mutation 
4.3.3.1 Genotyping of Ler FLC-Col/AMT and Ler FLC-Col/C24 
The BC5@ Ler FLC-Col/AMT and BC5@ Ler FLC-Col/C24 plants were genotyped to 
ensure they were homozygous for the FLC-Col allele and the FRI allele from the Ler FLC-
Col parent. The FLC genotype was determined using PCR for sequence polymorphisms in 
a region of the FLC promoter which contains six polymorphisms between C24 and Col. 
Ler FLC-Col/AMT #3 was homozygous for the FLC-Col allele (Figure 4.11, Table 4.3). 
Sequencing of the FLC promoter PCR product amplified from pooled samples of two Ler 
FLC-Col/C24 lines, #1 and #3, consistently gave ambiguous sequence ("N") at two sites 
(Figure 4.11 ), suggesting that not all plants in this population were homozygous for FLC-
Col. DNA extracted from six individual plants from the same generation of each line was 
subsequently sequenced with the FLC primers and one plant, #3-1, of the Ler FLC-
Col/C24 #3 line was identified as homozygous for the FLC-Col allele at all six sites (Figure 
4.11 ). Plant #3-1 was allowed to self fertilise and the resulting seed was used in the final 
experimental analyses. 
The FRI genotype of the BC5@ Ler FLC-Col/AMT and BC5@ Ler FLC-Col/C24 plants was 
determined using PCR for a sequence polymorphism in the FRI allele. The FRI PCR 
product has a single base change from A (C24) to G (Ler) at position 1010 within the 
ERM/GRM motif of the FRI sequence (Genbank accession #AF228500). Ler FLC-
Col/AMT #3 and the Ler FLC-Col/C24 selfed line #3-1 were homozygous for the FRI-Ler 
.allele (Figure 4.12). 
4.3.3.2 Genotyping of Ler FLC-Sf2/AMT and Ler FLC-Sf2/C24 
The BC5@ Ler FLC-Sf2/AMT plants and the BC5@ Ler FLC-Sf2/C24 plants were 
genotyped to ensure they were homozygous for the FLC allele from Sf2 and the FRI allele 
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C24 
Col 
Ler FLC-Col/AMT#3 
Ler FLC-Col/C24#1 
Ler FLC-Col/C24#3 
Ler FLC-Col/C24#3-1 
C24 
Col 
Ler FLC-Col/AMT#3 
Ler FLC-Col/C24#1 
Ler FLC-Col/C24#3 
Ler FLC-Col/C24#3-1 
C24 
Col 
Ler FLC-Col/AMT#3 
Ler FLC-Col/C24#1 
Ler FLC-Col/C24#3 
Ler FLC-Col/C24#3-1 
C24 
Col 
Ler FLC-Col/AMT#3 
Ler FLC-Col/C24#1 
Ler FLC-Col/C24#3 
Ler FLC-Col/C24#3-1 
GAACTTGGGTTGATGTGAGGCACTATTAAGTAAAAAGCCATTG 
GAACTTGGATTGATGTGGGGCACTATTAAGTAAAAAGCCACTG 
GAACTTGGATTGATGTGGGGCACTATTAAGTAAAAAGCCACTG 
GAACTTGGNTTGATGTGGGGCACTATTAAGTAAAAAGCCACTG 
GAACTTGGNTTGATGTGGGGCACTATTAAGTAAAAAGCCACTG 
GAACTTGGATTGATGTGGGGCACTATTAAGTAAAAAGCCACTG 
TACTACTTACATTTTAACTACATAATGTTAACTTATATAATATT 
TACTACTTACATTTTAACTACAAAATGTTAACTTATATAATATT 
TACTACTTACATTTTAACTACAAAATGTTAACTTATATAATATT 
TACTACTTACATTTTAACTACANAATGTTAACTTATATAATATT 
TACTACTTACATTTTAACTACANAATGTTAACTTATATAATATT 
TACTACTTACATTTTAACTACAAAATGTTAACTTATATAATATT 
TATTGAATTCAGTATAGGGCACATGCCCTATCCATGACTAAC 
TATTGAATTCAGTATAGGGCACATGCCCTACCCATGACTAAC 
TATTGAATTCAGTATAGGGCACATGCCCTACCCATGACTAAC 
TATTGAATTCAGTATAGGGCACATGCCCTACCCATGACTAAC 
TATTGAATTCAGTATAGGGCACATGCCCTACCCATGACTAAC 
TATTGAATTCAGTATAGGGCACATGCCCTACCCATGACTAAC 
GTGAGTCCG.CCCTGATAG 
GTGAGTCCGCCCCTGATAG 
GTGAGTCCGCCCCTGATAG 
GTGAGTCCGCCCCTGATAG 
GTGAGTCCGCCCCTGATAG 
GTGAGTCCGCCCCTGATAG 
Figure 4.11 Sequence alignment of a section of the FLC promoter from backcrossed lines. 
Polymorphisms are shown in red (C24) or blue (Col). N (in orange)= sequence 
insufficiently clear. 
C24 
Col 
AA sequence 
Ler 
AA sequence 
Ler FLC-Col/AMT#3 
Ler FLC-Col / C24#3-1 
Ler FLC-Sf2 / AMT#l 
Ler FLC-Sf2 / C24#1 
Ler FLC-Sf2 / ddml#l 
Ler FLC-Sf2 / DDM1#5 
AATAAACCGGAGGGGGAACGTATGTGTGAGTTG 
AATAAACCGGAGGGGGAACGTATGTGTGAGTTG 
N K P E G E R M C E L 
AATAAACCGGAGGGGGGACGTATGTGTGAGTTG 
N K P E G G R M C E L 
AATAAACCGGAGGGGGGACGTATGTGTGAGTTG 
AATAAACCGGAGGGGGGACGTATGTGTGAGTTG 
AATAAACCGGAGGGGGGACGTATGTGTGAGTTG 
AATAAACCGGAGGGGGGACGTATGTGTGAGTTG 
AATA..AACCGGAGGGGGGACGTATGTGTGAGTTG 
AATAAACCGGAGGGGGGACGTATGTGTGAGTTG 
Fig,ure 4.12 Sequence alignment of a section of the FRI allele (Gen bank accession 
#AF228500) and amino acid (AA) sequence from C24, Col, Ler and backcrossed lines. 
Within the ERM/GRM motif, C24 and Col have an A (in red) , but the Ler allele has a G 
(shown in blue) , leading to a substrtutton of a gtycine for a glutamine. 
from the Ler parent. The FLC genotype was determined by a CAPS PCR method, using 
primers that amplified a section of the FLC promoter. The C24 PCR product is cut twice by 
Taal , producing fragments of 238, 49 , and 25 bp. The Sf2 PCR product is cut th ree times, 
producing fragments of 157, 81, 49 and 25 bp. Ler FLC-Sf2/AMT #1 and #3 and Ler FLC-
Sf2/C24 #1 and #2 were all homozygous for the Sf2 FLC allele (Figure 4.13). These four 
lines were then genotyped at the FRI allele. Lines Ler FLC-Sf2/AMT #1 and Ler FLC-
Sf2/C24 #1 were homozygous for the Ler FRI allele (Figure 4.12) and were used in further 
analyses. 
4.3.3.3 Genotyping of Ler FLC-Sf2/ddm1 and Ler FLC-Sf2/DDM1 
The BC5@ Ler FLC-Sf2/ddm1 and BC5@ Ler FLC-Sf2/00M1 plants were genotyped to 
ensure they had inherited the FLC allele from Sf2 and the FRI allele from the Ler parent. 
Despite using several primer combinations, no sequence polymorphisms could be 
detected between Col and Sf2 over ca. 2 kb of the FLC promoter region (results not 
shown). Instead, the inheritance of an SSLP marker, nga 225, closely linked to FLC on 
chromosome 5 (Arabidopsis tha/iana Science Genome Map 9; TAI R, 
www.arabidopsis.org) was analysed in the BC5 selfed progeny. The lines were analysed 
to ensure that they had inherited nga 225 (and therefore FLC) from the recurrent Ler 
parent, and not from Col. Lines Ler FLC-Sf2/ddm1 #1 and #2 and Ler FLC-Sf2/DDM1 #5 
generated the same size band as Ler FLC-Sf2 (Figure 4.14, lanes 4, 6 and 7) , indicating 
that they had inherited this chromosomal region from the recurrent Ler parent. The Ler 
FLC-Sf2/00M1 #12 line appeared to be heterozygous for the nga 225 marker (Figure 
4.14, lane 5) and was therefore excluded from further analysis. 
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Figure 4.13 FLC CAPS analysis of BC5 selfed progeny plants on an 8% acrylamide gel. 
Lane M, marker pUC19/Hpall; lane 1 and 7, C24; lane 2 and 8, Ler FLC-Sf2 ; lanes 3-4 and 
9-10, Ler FLC-Sf2/C24 #1 and #2; lanes 5-6 and 11-12, Ler FLC-Sf2/AMT #1 and #3; lane 
13, water negative control containing primer-dimers. Lanes 1-6, uncut PCR product. Lanes 
7-12, PCR product cut with Taal. The C24 product is cut twice by Taal but the Sf2 product 
is cut three times. 
Size (bp) 
300 
200 
1 2 3 4 5 6 7 
Figure 4.14 SSLP analysis of selfed BC5 lines using nga 225 markers on a 2%, agarose 
gel. Lane 1, Col ; lane 2, Ler FLC-Sf2 ; lane 3, water negative control ; lane 4, Ler FLC-
Sf2/00M1 #5 ; lane 5, Ler FLC-Sf2/00M1 #12; lane 6, Ler FLC-Sf2/ddm1 #1 ; lane 7, Ler 
FLC-Sf2/ddm1 #2. 
The FRI genotype of the ddm1 and Col (DDM1) lines was determined using PCR for a 
sequence polymorphism in the FRI allele, which has a single base change from A (Col) to 
G (Ler) at the same position as the base change differentiating C24 and Ler. Lines 
Ler FLC-Sf2/ddm1 #1 and Ler FLC-Sf2/DDM1 #5 were homozygous for the FRI allele from 
Ler (Figure 4.12). 
4.3.3.4 Generation of ddm1 homozygous lines 
The backcrossed progeny of ddm 1 to Ler FLC-Sf2 were screened in each generation to 
ensure that the DDM1 mutant allele (i.e. ddm1-1) had been inherited from the Col parent. 
As the ddm1 mutation is recessive (Vongs et al., 1993), the BC5 Ler FLC-Sf2/ddm1 #1 line 
was allowed to self fertilise so that ddm1 homozygous plants could be obtained. Individual 
progeny plants were screened using the m555 CAPS PCR method to identify plants which 
were homozygous for the Col m555 marker and would therefore carry the Col parent ddm 1 
allele. Plant Ler FLC-Sf2/ddm1 #1-3 was identified as homozygous at the Col m555 locus, 
and therefore likely to be homozygous for the mutant ddm 1 allele (Figure 4.15). This plant 
was self-fertilised to provide second generation homozygous seed for final analysis. 
The progeny of line #1-3 were then tested by PCR for the sequence polymorphism of the 
ddm1-1 mutation to confirm that the line was homozygous for the ddm1-1 mutant allele. 
The ddm1-1 allele results from a G• A transition at position 3637 of the Genbank 
accession #AF143940 (E Richards, personal communication) , resulting in a substitution of 
a tyrosine for a cysteine. DNA samples from the original ddm1 line, wild type Col and the 
BC5® line were sequenced using primers flanking the ddm1-1 mutation. The BCS®Ler 
FLC-Sf2/ddm1 #1-3 line was confirmed as homozygous for the ddm1-1 allele (Figure 
4.16). 
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Figure 4.15 m555 CAPS analysis of selfed BC5 Ler FLC-Sf2/ddm1 #1 progeny plant #3 on 
an 8% acrylamide gel. Lane 1, Col ; lane 2, Ler; lane 3, ddm1#10 progenitor line; lane 4, 
BC5 Ler FLC-Sf2/ddm1 #1 progeny plant #3; lane 5, empty; lane 6, water negative control 
(lane 6 contains primer artefacts, black arrows). 
Note: the digest of Ler is incomplete, hence a non-stoichiometric band is seen at 150 bp in 
lane 2. 
Col 
AA sequence 
ddml #10 
AA sequence 
Ler FLC-Sf2/ddml#l-3 
AA sequence 
AATCTTACTGCTGCTGATACATGCATCCTCTATGACAGC 
N L T A A D T C I L Y D S 
AATCTTACTGCTGCTGATACATACATCCTCTATGACAGC 
N L T A A D T Y I L Y D S 
AATCTTACTGCTGCTGATACATACATCCTCTATGACAGC 
N L T A A D T Y I L Y D S 
Figure 4.16 Sequence alignment of a fragment of the DDM1 locus in Col, ddm1 and BC5 
Ler FLC-Sf2/ddm1 #1-3 showing the site of the ddm1-1 mutation. The mutation site for Col 
is shown in blue, and for ddm1 in red. The ddm1-1 mutation, which occurs at nucleotide 
3637 of the Genbank accession #AF143940, results in substitution of an A for a G, leading 
to a substitution of a tyrosine for a cysteine. 
4.3.4 Methylation levels are reduced in backcrossed lines containing AMT or 
ddm1 
Both AMT and ddm 1 are reported to reduce methylation within repetitive sequences 
(Finnegan et al., 1996; Vongs et al., 1993). DNA from each of the backcrossed lines was 
analysed for levels of methylation within repetitive DNA sequences at CG sites using the 
methylation-sensitive enzymes Mspl and Hpal I and by hybridisation to a 180 bp 
centromeric repeat probe (Martinez-Zapater et al., 1986). Mspl cuts the sequence CCGG 
whether or not the internal cytosine is methylated, but Hpall only cuts unmethylated CCGG 
sites. Figure 4.17 shows the methylation levels of the control lines, Ler FLC-Col/C24, Ler 
FLC-Sf2/C24 and Ler FLC-Sf2/DDM1. It is clear from this figure that none of the control 
lines have a decrease in CG methylation, as the centromeric repeat is not cleaved by 
Hpall. The Ler FLC-Col/AMT, Ler FLC-Sf2/AMT and Ler FLC-Sf2/ddm1 lines were 
assayed in the same manner. All lines show evidence of reduced methylation at CG sites 
(Figure 4.18). However, in the Ler FLC-Col/AMT and the Ler FLC-Sf2/ddm1 lines the 
extent of demethylation is much greater than in the Ler FLC-Sf2/AMT line (Figure 4.18, 
lanes 3 and 4). In this line, the majority of the centromeric repeat DNA remained uncut by 
Hpall, as judged by the intense hybridisation at the region of the gel corresponding to 
uncut DNA, and the relatively weak hybridisation to the ladder of bands. In contrast, in the 
other lines the intensity of hybridisation to Mspl and Hpall cut DNA was comparable. 
The reason for the lack of demethylation in the Ler FLC-Sf2/AMT line has not been 
determined, but it is possible that the AMT transgene has lost efficacy in this line. In the 
parental line, T3#10.5 (Finnegan et al., 1996), which has three copies of T-DNA, the 
selectable marker gene Npt/1 has become hypermethylated and silenced (EJ Finnegan, 
personal communication). Perhaps during the backcrossing of the Ler FLC-Sf2/AMT line, 
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Figure 4.17 Analysis of methylation at CG sites in DNA from BC5 selfed lines by Mspl (M) 
and Hpal I (H) enzyme digestion and hybridisation to a 180 bp ribosomal repeat probe. Lane 
1 & 2, Ler FLC-Col/C24; lane 3 & 4, Ler FLC-Sf2/C24; lane 5 & 6, Ler FLC-Sf2/00M1. 
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Figure 4.18 Analysis of methylation at CG sites in DNA from BC5 selfed lines by Mspl (M) 
and Hpal I (H) enzyme digestion of DNA and hybridisation to a 180 bp ribosomal repeat 
probe. Lanes 1 & 2, Ler FLC-Col/AMT; lanes 3 & 4, Ler FLC-Sf2/AMT; lanes 5 & 6, 
Ler FLC-Sf2/ddm1. 
the AMT transgene has also become hypermethylated and silenced. Regardless of the 
reason for the lack of demethylation in this line, it was excluded from further analysis. The 
remainder of the investigation focussed on comparing the Ler FLC-Col/AMT and the Ler 
FLC-Sf2/ddm1 lines, which had comparable levels of demethylation at CG sites within 
repetitive centromeric sequences. Although these lines differ in the original source of the 
FLC allele, both the Col and Sf2 FLC alleles delay flowering in the Ler background 
(Koornneef et al., 1994; Lee et al., 1994) and are expressed at similar levels (Sheldon et 
a/., 1999), so are therefore comparable. 
4.3.5 Flowering is promoted in AMT and ddm1 mutant backgrounds 
To analyse the effect of the AMT transgene and the ddm1 mutation on flowering, the 
flowering time of the Ler FLC-Col and Ler FLC-Sf2 parental lines was compared to that of 
the appropriate backcrossed lines in LO conditions. Ler FLC-Col flowered with 10.9 leaves, 
slightly earlier than Ler FLC-Sf2, which flowered with 14.8 leaves (Figure 4.19). 
Backcrossing C24 or Col to the parental lines delayed flowering on average compared to 
the parental lines, to the extent that 83 % of the Ler FLC-Col/C24 plants and 28 % of the 
Ler FLC-Sf2/DDM1 plants did not flower within the time of the experiment (Figure 4.19; 
plants marked with an asterisk). The leaf number of these lines is therefore an 
underestimation. 
There was a spread of flowering, such that some plants of the Ler FLC-Sf2/DDM1 line 
flowered earlier than or at the same time as the parental line. A similar spread was seen in 
the Ler FLC-Col/C24 line, except that no plants flowered earlier than the parental line. 
Figures 4.20 and 4.21 show some of the variation in flowering time observed in these 
lines. When C24 and Ler are crossed, genes other than FLC and FRI affect flowering time 
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Figure 4.19 Flowering time expressed as total number of leaves of parental lines and BC5 
selfed plants, grown in LO conditions. Plants marked * did not flower within the time of the 
experiment and were beginning to senesce when the experiment was terminated. Plants 
which had a total leaf number of greater than 100 are grouped together. Means +/- S. E. are 
given below each genotype. When calculating the means for Ler FLC-Col/C24 and Ler 
FLC-Sf2/DDM1 , leaf numbers from plants that did not bolt within the time of the experiment 
were also included . 
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Figure 4.20 Five week old BC5 selfed plants grown in 6-inch diameter pots. 
(A), Ler FLC-Col/C24. (8), Ler FLC-Col/AMT. (C), Ler FLC-Sf2/DDM1. 
(D), Ler FLC-Sf2/ddm1. 
(A) (B) (C) 
Figure 4.21 Four month old BCS selfed plants grown in 6-inch diameter pots. 
(A), Ler FLC-Col/C24. (B), Ler FLC-Sf2/DDM1. (C), Individual Ler FLC-Sf2/DDM1 plant 
with >100 leaves. Scale bar in (C) = 1 cm. 
(EJ Finnegan, personal communication); presumably, this also occurs in Col x Ler 
crosses. The Ler FLC-Col/C24 line appears to be segregating for a dominant late 
flowering gene, as most of the plants are late flowering, whereas the Ler FLC-Sf2/DDM1 
line appears to be segregating for a recessive late flowering gene, as most of the plants 
are early flowering (Figure 4.19).The observed delay in flowering time of the control BC 
lines was unexpected, as after five backcrosses only 1.5 % (1164th) of the C24 or Col 
genomes should still be present. These data suggest that control plants and those with low 
methylation levels may not be isogenic for all genes that affect flowering time. 
The backcrossed lines with low methylation levels flowered significantly earlier than the 
Ler FLC-Col/C24 and Ler FLC-Sf2/00M1 lines (Figures 4.19 and 4.20), indicating that 
demethylation promoted flowering. In the Ler FLC-Col/AMT line, flowering was promoted 
almost to that of the parental line, whereas in the Ler FLC-Sf2/ddm 1 line, flowering was 
promoted to an even greater extent than the parental line (Figure 4.19). These results 
show that both the AMT construct and the ddm1 mutation can cause early flowering in a 
genetic background that has equivalent FRI and FLC alleles. This will be discussed further 
in section 4.3.7. As the Ler FLC-Col parental line was earlier flowering than the Ler FLC-
Sf2 line, it might have been expected that the FLC-Col/AMT line would flower earlier than 
the Ler FLC-Sf2/ddm1 line, but the opposite occurred; the Ler FLC-Sf2/ddm1 line flowered 
with 8.8 leaves, compared to 18.9 leaves of the Ler FLC-Col/AMT line (Figure 4.19). This 
observation will be considered in section 4.3.10. 
4.3.6 Leaf morphology is affected in AMT and ddm1 mutant backgrounds 
An effect on flowering time was not the only phenotype observed in the Ler FLC-Col/AMT 
and Ler FLC-Sf2/ddm1 lines. Backcrossing C24 or Columbia to parental lines had little 
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effect on leaf shape, but backcrossing AMT or ddm 1 to the parental lines resulted in 
altered leaf dimensions (Figure 4.22). Leaves of the AMT and ddm1 BCS plants were both 
narrower and shorter than the leaves of the controls, resulting in a smaller, rounded leaf 
shape. Such phenotypes have previously been observed in both ddm1 mutants (Kakutani 
et al., 1996) and AMT plants (Finnegan et al., 1996) with low methylation levels. Therefore, 
it seems likely that both the leaf shape phenotype and the promotion of flowering observed 
in the AMT and ddm1 BC5 lines were due to demethylation, and did not result from an 
unrelated effect of the backcrossing regime. 
4.3.7 Flowering time is correlated with down-regulation of FLC expression in 
AMT and ddm1 mutant backgrounds 
As both the AMT and ddm1 BC5C8> lines flowered earlier than the control lines, a molecular 
explanation was sought to explain this behaviour. The level of FLC expression is 
correlated with flowering time and is down-regulated by demethylation in C24 (Sheldon et 
a/., 1999); therefore, the FLC expression profile of the different backcrossed lines was 
analysed. 
In the Ler FLC-Col/C24 and Ler FLC-Sf2/DOM1 control lines, FLC was highly expressed 
(Figure 4.23). The expression of FLC in the Ler FLC-Col!C24 line appeared to be almost 
double that of the Ler FLC-Sf2/00M1 line (Figure 4.23, lane 1 vs 3). The relative FLC 
expression levels of the two control lines correlate well with the flowering time results 
(Figure 4.19); only 17 % of Ler FLC-Col!C24 plants flowered during the time of the 
experiment, compared to 72 % of the Ler FLC-Sf2/DOM1 plants. Even though more RNA 
was loaded in the Ler FLC-Col!C24 sample (Figure 4.23, lane 1 vs 3), this would account 
for only some of this difference. The difference also relates to the origins of FLC and is 
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Figure 4.22 Leaf dimensions (length and width) of parental lines and BC5 selfed plants. 
Measurements were taken of the three youngest rosette leaves of three plants per line, 
hence bars represent the average of nine leaves per line. Measurements were taken after 
bolting had occurred. Width was measured at the centre of the leaf and length was 
measured as the distance from the base of the petiole to the tip of the leaf. 
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Figure 4.23 Expression of FLC in three-week old seedlings of BC5 selfed lines. 
RNA was separated on a 1.1 % formaldehyde gel and stained with EtBr. RNA was then 
transferred to a filter and hybridized to the FLC riboprobe. Lane 1, Ler FLC-Col/C24 ; lane 2, 
Ler FLC-Col/AMT; lane 3, Ler FLC-Sf2/DDM1 ; lane 4, Ler FLC-Sf2/ddm1. 
consistent with the level of FLC expression observed in the Ler FLC-Col parental line, 
which is higher than that of the Ler FLC-Sf2 parental line (Sheldon et al., 1999). Despite 
this, Ler FLC-Col flowered earlier than Ler FLC-Sf2 (Figure 4.19); perhaps this indicates 
the presence of modifying gene/s in the FLC-Col line that influence flowering time and 
overcome the effect of high FLC expression. 
The level of FLC expression was next analysed in the backcrossed lines with low 
methylation levels. FLC expression was greatly reduced in the Ler FLC-Col/AMT line 
compared to the Ler FLC-Col/C24 line (Figure 4.23, lanes 1 and 2). This is consistent with 
AMT causing a reduction in FLC expression (Sheldon et al., 1999). The reduction in FLC 
expression in this line compared to the Ler FLC-Col/C24 control line correlates with the 
promotion of flowering observed. However, despite the low levels of FLC expression in the 
Ler FLC-Col/AMT plants, they did not flower as early, on average, as the parental Ler 
FLC-Col line, even though this line is reported as having a moderate level of FLC 
expression (Sheldon et al., 1999). See section 4. 3.10 for further discussion of this 
observation. 
The expression of FLC was next analysed in the Ler FLC-Sf2/ddm1 line. As for the Ler 
FLC-Col/AMT line, the expression of FLC was greatly reduced, to an almost undetectable 
level, as a consequence of the ddm1 mutation (Figure 4.23, lanes 3 and 4). This shows 
that the ddm1 mutation can result in the down-regulation of FLC expression. The decrease 
in FLC expression in the Ler FLC-Sf2/ddm1 line correlated well with the promotion of 
flowering. In this line, the absence of detectable FLC expression resulted in very early 
flowering, with all of the Ler FLC-Sf2/ddm 1 plants flowering earlier than the earliest Ler 
FLC-Sf2 parental plant (Figure 4.19). 
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4.3.8 UFC expression is also down-regulated in AMT and ddm1 mutant 
backgrounds 
It has not yet been determined whether the reduction in FLC expression as a result of 
demethylation involves demethylation of an upstream repressor, or occurs via an 
interaction between DNA methylation and the chromatin structure surrounding FLC. To 
begin to understand how FLC expression might decrease in response to demethylation, 
expression analysis of UFC was carried out on the backcrossed lines. UFC is the gene 
immediately upstream of FLC and like FLC, is also down-regulated in C24 AMT plants (EJ 
Finnegan, personal communication), UFC is expressed at a high level in both the Ler FLC-
Col/C24 and Ler FLC-Sf2/DDM1 lines (Figure 4.24a, lanes 1 and 3). Like FLC, expression 
of UFC is reduced _in both the Ler FLC-Col/AMT and Ler FLC-Sf2/ddm1 lines (Figure 
4.24a, lanes 2 and 4) compared to the controls. As UFC is adjacent to FLC, these data 
suggest that demethylation, whether caused by AMT or ddm 1, is likely to have an effect 
over the UFC-FLC region, rather than affecting FLC specifically. 
4.3.9 SOC1 expression is up-regulated in AMT and ddm1 mutant 
backgrounds 
To determine whether the down-regulation of FLC in the Ler FLC-Col/AMT and Ler FLC-
Sf2/ddm1 lines was associated with up-regulation of SOC1, a promoter of flowering that is 
repressed by FLC (Onouchi et al., 2000; Samach et al., 2000), the expression of SOC1 
was investigated. The level of SOC1 expression increased in both the Ler FLC-Col/AMT 
and Ler FLC-Sf2/ddm1 lines compared to the control lines (Figure 4.24b) . The increase in 
SOC1 expression correlates with both the reduction in FLC expression and the promotion 
of flowering in the two backcrossed lines compared to the control lines. This result 
indicates that regardless of whether FLC expression is down-regulated by AMT or ddm 1-
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Figure 4.24 Expression of UFC and SOC1 in three-week old seedlings of BCS selfed lines. 
RNA was separated on a 1.1 % formaldehyde gel and stained with EtBr. RNA was 
transferred to a filter and hybridized to (A) UFC or (8) SOC1 riboprobes . 
Lane 1, Ler FLC-Col/C24; lane 2, Ler FLC-Col/AMT; lane 3, Ler FLC-Sf2/DDM1 ; lane 4, Ler 
FLC-Sf2/ddm 1. 
induced demethylation, as predicted, the immediate downstream effect is the same; that 
is, SOC1 expression increases as expression of FLC, a repressor of SOC1 , increases. 
4.3.1 O FWA is demethylated and expressed only in an AMT background 
As described earlier, the AMT transgene causes demethylation of both single-copy and 
repeated sequences (Finnegan et al., 1996; Ronemus et al., 1996) but the ddm 1 mutation 
in early generations results only in the demethylation of repeated sequences (Vongs et al., 
1993). Multiple copy sequences were demethylated in both the AMT and ddm1 
backcrossed lines relative to the controls (section 4.3.4). The methylation status of a 
single-copy sequence, FWA, was next analysed in the AMT line and in the ddm 1 
backcrossed line, where ddm 1 had been homozygous for only two generations. The 
methylation status was analysed by Mspl and Hpall digestion and hybridisation to an FWA 
probe. In the Ler FLC-Sf2/ddm1 line, FWA is digested by Mspl, but not by Hpa/1, and is 
therefore methylated (Figure 4.25, lanes 3 and 4). This is consistent with the ddm1 
mutation only affecting multiple-copy sequences in early generations (Vongs et al., 1993). 
In contrast, in the Ler FLC-Col/AMT line, FWA is digested by both Mspl and Hpa/1, and is 
therefore demethylated (Figure 4.25, lanes 1 and 2). This is consistent with AMT causing 
demethylation of single-copy sequences and repeated sequences equally (Finnegan et al., 
1996; Ronemus et al. , 1996). 
In conjunction with analysis of the methylation status of FWA , the expression of FWA was 
analysed using RT-PCR. FWA was not expressed in either of the control lines (Figure 
4.26, lanes 2 and 4). This is consistent with earlier reports showing that FWA is not 
normally expressed in the Ler background (Soppe et al., 2000). In the Ler FLC-Sf2/ddm1 
line, FWA was not expressed (Figure 4.26 , lane 5) , correlating with the methylated state of 
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Figure 4.25 Analysis of CG methylation status of part of the coding region of the FWA gene 
by Mspl (M) and Hpal I (H) digestion and hybridisation to the VE030 FWA probe. 
Lane 1 and 2, Ler FLC-Col/AMT; lane 3 and 4, Ler FLC-Sf2/ddm 1. 
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Figure 4.26 RT-PCR amplification of FWA in BC5 lines. Lane 1, 'Gene Ruler' 100 bp DNA 
ladder; lane 2, Ler FLC-Col!C24; lane 3, Ler FLC-Col/AMT; lane 4, Ler FLC-Sf2/0DM1 ; 
lane 5, Ler FLC-Sf2/ddm1; lane 6, genomic DNA control. 
the FWA gene (Figure 4.25). However, FWA is expressed in the Ler FLC-Col/AMT line 
(Figure 4.26, lane 3) , correlating with the demethylated state of the FWA gene (Figure 
4.25). The expression of FWA in the Ler FLC-Col/AMT line provides an explanation for 
why this line flowered later than the Ler FLC-Col parental line, despite the AMT line having 
lower levels of FLC expression than the parental line (not shown; refer to Sheldon et al., 
1999). The expression of FWA in the Ler FLC-Col/AMT line also correlates well with the 
delayed flowering of this line compared to the Ler FLC-Sf2/ddm1 line (Figure 4.19), 
considering that they have comparable levels of FLC expression (Figure 4.23, lanes 2 and 
4). 
4.4 Discussion 
Demethylation in the C24 and Columbia ecotypes of Arabidopsis has opposing effects on 
flowering time. In C24, a loss of methylation resulting from introduction of a MET/ 
antisense (AMT) construct causes early flowering (Finnegan et al., 1998), whereas 
introduction of a similar AMT construct delays flowering in Col (this chapter; Ronemus et 
al., 1996). Delayed flowering is also observed in the ddm 1 mutant, but only after several 
generations of inbreeding (Kakutani, 1997). The results presented here show that this is a 
combination of both the genetic background of each ecotype and the mechanisms causing 
demethylation. The production of near-isogenic lines has allowed a direct comparison of 
the effect of demethylation caused by either an AMT construct or a mutation in the 
chromatin-remodelling enzyme DDM1. Although the genetic backgrounds of the near 
isogenic lines are similar, they are not exactly the same. This is due not only to the 
different origins of FLC, but also because it is unknown how much of chromosome V of the 
Ler FLC-Col parental line is contributed by Col. However, the five backcrosses to the 
parental Ler lines should have removed 98.5 % of the C24 and Col genomes introduced in 
120 
the F1 progeny, making the genetic backgrounds of the backcrossed lines effectively 
comparable. 
Backcrossing AMT and ddm 1 to Ler FLC-Col and Ler FLC-Sf2 resulted in a reduction in 
methylation at CG sites within repetitive DNA sequences. This is consistent with published 
results (Vongs et al., 1993; Finnegan et al., 1996; Ronemus et al., 1996). Demethylation 
caused by both the AMT construct and the ddm 1 mutation promoted flowering in a genetic 
background with equivalent FRI and FLC alleles, compared to C24 and Col backcrossed 
lines. This result stands in contrast to the delayed flowering of the ddm1 mutant in the Col 
background (Kakutani, 1997). 
The promotion of flowering by demethylation in C24 is correlated with a reduction in the 
expression of the floral repressor FLC (Sheldon et al., 1999). Analysis of the AMT and 
ddm1 backcrossed lines showed that the promotion of flowering also correlated with a 
reduction in FLC expression and the concomitant upregulation of the floral promoter SOC1 
in both lines. Therefore, FLC is downregulated in a ddm1 mutant background, as well as 
by AMT-induced demethylation. The effect of a ddm1 mutation on FLC expression has not 
been tested before, as the ddm 1 mutation arose in Columbia, an ecotype in which FLC 
expression can not readily be detected by Northern analysis (Sheldon et al., 1999). 
Repetitive DNA sequences are demethylated in early generations of ddm 1, but single-copy 
sequences are not (this chapter; Vongs et al., 1993; Kakutani et al., 1996). The methylated 
state of the FWA gene in the ddm1 BC50 line is a measure of the effect of the ddm1 
mutation on single-copy methylation in the second generation of homozygosity of the 
mutation. Demethylation and up-regulation of FWA occurs only in later generations of the 
ddm 1 mutant, in which single-copy sequence methylation of several genes is decreased 
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(Kakutani et al., 1996; Soppe et al., 2000). As FWA is not demethylated in the ddm1 
backcrossed line, other single-copy sequences are also unlikely to be demethylated. 
These observations suggest that the down-regulation of FLC expression in low methylation 
backgrounds is not accomplished by direct single-copy sequence demethylation of FLC or 
of a repressor of FLC. This is also consistent with the observation that there is no change 
in the methylation status of FLC in vernalised plants, in which FLC expression is 
decreased, compared to the methylation status of FLC in unvernalised plants (EJ 
Finnegan, personal communication). 
Because DDM1 is apparently a chromatin remodelling protein (Jeddeloh et al., 1999; 
Brzeski and Jerzmanowski, 2003), these results suggest that the demethylation-induced 
down-regulation of FLC is indirect and that the expression of FLC is likely to be regulated 
by a change in chromatin structure. This is also supportive of current models of the 
molecular mechanism of vernalisation, which show that after the expression of FLC is 
initially decreased, it is stably repressed by VRN2, a member of the Polycomb Group 
proteins that establish a repressive state via effects on higher order chromatin structure 
(Gendall et al., 2001; Levy et al. , 2002). 
A reduction in the expression of UFC, a gene closely linked to FLC, in both the AMT and 
ddm 1 backcrossed lines also suggests that FLC repression is likely to be part of a more 
widespread effect of methylation or chromatin remodelling over a larger area of the 
genome rather than just a gene-specific effect. Neither FLC or UFC regulate each other 
transcriptionally; UFC expression is unaffected in an fie null mutant line, and over-
expression of UFC does not alter the expression of FLC (EJ Finnegan, personal 
communication). Therefore, the simultaneous down-regulation of UFC and FLC can not be 
explained by a simple case of one gene affecting the expression of another. Further 
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support for the repression of FLC being part of a widespread effect comes from the 
observation that in the flc-11 mutant, in which two copies of T-DNA containing the Npt/1 
gene are inserted between UFC and FLC, the expression of UFC, FLC and the two Npt/1 
transgenes is down-regulated by vernalisation and in plants with low levels of DNA 
methylation (EJ Finnegan, personal communication). 
Although FLC expression was reduced in both the AMT and ddm1 backcrossed lines, 
flowering of the Ler FLC-Col/AMT line was delayed in comparison to both the Ler FLC-
Sf2/ddm 1 line and the Ler FLC-Col parental line, which has moderate levels of FLC 
expression (Sheldon et al., 1999). The reduction in FLC expression is associated with very 
early flowering of the Ler FLC-Sf2/ddm1 line, but an equivalent level of FLC expression is 
associated with later flowering of the Ler FLC-Col/AMT line. The delay in flowering in the 
AMT backcrossed line compared to the ddm1 backcrossed line correlated with the 
demethylation and expression of the floral repressor FWA. The expression of FWA in the 
fwa mutant delays flowering (Koornneef et al., 1991; Soppe et al., 2000). FWA, which acts 
downstream of FLC (Figure 1.2), is thought to indirectly repress flowering downstream of 
the floral promoter FT (Onouchi et al., 2000). Presumably, the expression of FWA in the 
Ler FLC-Col/AMT line partially counteracts the lower level of FLC expression , thereby 
delaying flowering. 
The opposing effects of demethylation in the C24 and Ler ecotypes have recently been 
traced to differential effects on the expression of FLC, which was down-regulated in C24, 
and FWA, which was upregulated in Ler (Genger et al. , 2003). In C24, expression of AMT 
did cause demethylation and expression of FWA, but this did not delay flowering. The C24 
FWA allele has two mutations compared with the Ler allele, one of which is in a conserved 
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region ; it may be non-functional, or a downstream step in the FWA pathway may be 
lacking in C24 (Genger et al., 2003). 
The work reported in this chapter has shown that both AMT and ddm 1 can promote 
flowering in a background with high FLC levels, by down-regulating FLC expression. In 
addition , FWA is demethylated and up-regulated in AMT backcrossed plants but not in the 
ddm1 backcrossed plants, because its expression is determined by single copy sequence 
demethylation, and ddm1 only affects repeated sequences in early generations. Therefore, 
although the exact mechanism of FLC down-regulation in response to demethylation is not 
yet clear, it appears likely to occur via an effect on chromatin structure, probably involving 
repeat sequence demethylation, rather than as a result of single-copy sequence 
demethylation. 
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Chapter 5: Interactions between GA, vernalisation and 
demethylation in the promotion of flowering 
5.1 Introduction 
The initiation of flowering requires a plant to respond to and integrate many exogenous 
and endogenous signals, resulting in the activation of flowering genes and subsequent up-
regulation of floral meristem identity genes. In the Arabidopsis C24 ecotype, two important 
signals that promote flowering are gibberellins (GAs) and vernalisation. GAs are a large 
family of diterpene compounds (Phillips, 1998) which influence myriad aspects of plant 
growth, including germination, stem elongation, floral induction, seed development and 
fruit development (Pharis and King, 1985; Davies, 1995). GA is likely to promote flowering 
via up-regulation of the floral promoter SOC1 (Onouchi et al., 2000; Samach et al., 2000) 
and the floral meristem identity gene LFY (Blazquez et al., 1998). Vernalisation, a 
prolonged exposure to cold, induces flowering in many late flowering ecotypes of 
Arabidopsis (Napp-Zinn, 1985). The ability of different ecotypes to respond to vernalisation 
is conferred by the FRI and FLC genes; the MADS-box transcription factor FLC represses 
flowering, and FRI acts to up-regulate FLC. Vernalisation promotes flowering by down-
regulating FLC expression (Michaels and Amasino, 1999a; Sheldon et al., 1999). 
Whilst the four major floral promotive pathways can each independently promote flowering 
(Figure 1.2), many points of interaction exist between them (Figure 1.3). Years of 
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investigation have produced inconclusive evidence of interactions between the GA and 
vernalisation pathways, with some groups suggesting that they share a common pathway, 
and others declaring that they operate by completely separate pathways. For instance, 
plants that flower early in response to vernalisation also flower early in response to GA, 
suggestive of a common pathway (Pharis and King, 1985), but flowering is accelerated by 
GA to the same extent in both vernalisation-responsive and vernalisation non-responsive 
mutants, indicative of separate pathways (Chandler and Dean, 1994). Further support for a 
common pathway was suggested by observations of an increase in GA content following 
vernalisation of radish plants (Suge, 1970) and a decrease in the levels of kaurenoic acid , 
a GA precursor compound, in vernalised Thlaspi arvense plants, indicating increased GA 
turnover (Hazebroek and Metzger, 1990). The alteration of GA metabolism in Thlaspi 
occurred only in shoot tips, which are the site of perception of the vernalisation signal 
(Wellensiek, 1964), and not in leaves, strongly suggesting that the increase in flux through 
the GA biosynthesis pathway is in some way connected with vernalisation (Hazebroek and 
Metzger, 1990). The expression of three genes encoding GA biosynthesis enzymes in 
Eustoma grandiflorum has recently been shown to be regulated by vernalisation (Mino et 
al. , 2003). 
The behaviour of some GA mutants has also pointed towards interactions between GA 
and vernalisation. The highly GA-deficient ga1-3 mutant (Koornneef et al., 1983; Sun and 
Kamiya, 1994) flowers early in response to exogenous GA in short (8-hour) days, but not 
in response to vernalisation (Wilson et al., 1992), indicating that plants require a minimum 
level of GA for vernalisation to be effective. However, ga1-3, which does not flower at all in 
either 8 hour or 10 hour photoperiods, has since been shown to respond to vernalisation in 
10 hour days, flowering after 35 days (Michaels and Amasino, 1999b), arguing against 
vernalisation acting through the GA pathway. Similarly, the late flowering GA non-
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responsive gai mutant (Koornneef et al., 1985) responds to vernalisation in SD to the 
same extent as wild type plants, with a 36% promotion of flowering in response to 
vernalisation (Wilson et al., 1992). 
The ga 1-3 and gai mutants were isolated in the genetic background of Landsberg erecta 
(Ler), which has very low FLC expression levels (Michaels and Amasino, 1999a; Sheldon 
et al., 1999). As FLC is a key regulator of the vernalisation response, analysis of 
interactions between GA and vernalisation may be more revealing if done in the context of 
moderate to high levels of FLC expression. Links between FLC and GA have been 
suggested by several observations. Exogenous GA does not affect FLC expression levels, 
indicating that the promotive effect of GA is downstream of FLC (Sheldon et al., 1999). A 
mutant over-expressing FLC requires repeated applications of GA to flower, suggesting 
that the FLC product might lower the effectiveness of applied GA (Sheldon et al., 1999) 
and loss of FLC function gives rise to phenotypes reminiscent of an enhancement of the 
GA response, such as early germination and elongated hypocotyls (D Bagnall, cited in 
Dennis et al., 2000), suggesting that in wild type plants, FLC may repress GA responses. 
Like vernalisation and GA, a loss of DNA methylation also promotes flowering in C24 
(Finnegan et al., 1998). The role of demethylation in the promotion of flowering is not yet 
completely clear and evidence exists for its involvement in more than one capacity. Like 
vernalisation, demethylation promotes flowering via a reduction of FLC expression 
(Sheldon et al., 1999), indicating that demethylation acts partly via the vernalisation 
pathway. However, investigations of the GA-responsiven_ess of antisense 
methyltransferase (AMT) suggested that reduced methylation could also partially 
substitute for the promotive effect of GA (Genger, 2000). GA promoted flowering of AMT 
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plants to a lesser extent than it did of C24, and GA reduced the vernalisation 
responsiveness of C24, but not of AMT plants (Genger, 2000). 
As demethylation is able to partly substitute for both vernalisation and a GA treatment, this 
could occur as steps within the same pathway, or demethylation could promote flowering 
by more than one pathway. Preliminary experiments in this laboratory attempted to 
investigate this by analysing progeny of a cross between AMT and GA-insensitive gai 
mutant plants (Genger, 2000). The gai mutant has a gain-of-function mutation in GAi, a 
negative regulator of the GA signal transduction pathway; a 17 amino acid deletion in the 
amino-terminal domain of the mutant gai protein causes a structural change, leading to 
constitutive repression of GA responses (Peng et al., 1997). Progeny of AMT x gai plants 
were late flowering in comparison to AMT plants with an unimpaired GA perception 
pathway, suggesting that the promotive effect of demethylation partly depended on 
activation of the GA pathway (Genger, 2000). However, this preliminary investigation 
lacked a wild type control line and did not incorporate analysis of the effect of exogenous 
GA or vernalisation, or attempt to determine the underlying molecular mechanisms to 
explain the observations. The experiments reported in this chapter were designed to 
further analyse the possible interactions between GA, vernalisation and demethylation-
induced promotion of flowering in a background with elevated FLC expression levels. 
. 5.2 Materials and Methods 
5.2.1. Production of F1 lines 
Crosses made use of the late flowering gai mutant (Koornneef et al. , 1985) in the 
Landsberg erecta (Ler) background and C24 plants homozygous for an antisense against 
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the MET/ methyltransferase (anti-methyltransferase, AMT) which has approximately 10 % 
of wild type levels of CG methylation (Finnegan et al. , 1996). Crosses were made between 
the two wild types, Ler and C24 (designated GAIIGA0; gai and C24 (designated gai/GA0; 
Ler and AMT (designated GAi/GAi-AMT); and gai and AMT (designated gai/GAI-AMT). F1 
seed generated from these crosses gave rise to plants that were heterozygous at gai/GAI 
or homozygous ~Al/GAi wild type, with either normal or low levels of methylation. All F1 
plants were heterozygous for the FRI-late allele from C24. 
5.2.2 Flowering time experiments 
Seeds were treated as per section 2.9 and grown in SD conditions (8 h light, 16 h dark) in 
individual test tubes. The light intensity ranged from 130-170 µE across the cabinet and 
over the course of the experiment. Racks containing tubes were moved daily to ensure 
that plants received equal illumination. Flowering time was measured as rosette leaf 
number (RLN) and total leaf number (TLN). RLN and TLN was recorded after flowering 
had occurred, or for those plants that did not flower, at the termination of the experiment 
when the media had completely dehydrated. In these cases, the RLN and TLN recorded is 
an underestimation of the true leaf number at flowering. 
5.2.3. PCR screening and DNA methylation analysis 
After flowering or at the termination of the flowering experiment, a single leaf from each 
plant was removed for PCR analysis of nga Ill SSLP markers specific to Ler and C24 as 
per section 4.2.3, to verify that only heterozygotes were scored for flowering time (results 
not shown). The GAi/GAi-AMT and gai/GAI-AMT plants were also screened for the 
presence of the MET/ antisense transgene by PCR as per section 2.4 (results not shown) . 
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The methylation levels of DNA extracted from pooled leaf samples of plants were analysed 
using methylation-sensitive restriction enzymes as per section 2.6.1. 
5.2.4. FLC and SOC1 expression analysis 
F1 seed generated from the four crosses described above and seed from the four parental 
lines (C24, AMT, Ler and ga1) were grown for 24 days on 140mm diameter Petri plates in 
the same light regime as described (section 5.2.1 ). Single leaves from individual F1 plants 
were screened using nga Ill SSLP markers as per section 4.2.3 to identify heterozygotes 
(results not shown) and leaves from heterozygous plants were pooled. Total RNA was 
extracted from parental lines and pooled F1 samples as per section 2.7. RNA was 
separated on agarose gels and hybridized to FLC and SOC1 riboprobes as per section 
2.8.1 . 
5.3 Results 
5.3.1 The gai mutation blocks the early flowering response to GA 
Preliminary investigations that compared the flowering times of progeny of gai x AMT 
plants with progeny of Ler x AMT plants, in which the GA-signalling pathway was not 
impaired, suggested that demethylation promoted flowering partly by a GA-dependent 
pathway (Genger, 2000). However, as the response of the gai heterozygotes to 
exogenous GA was not tested, this conclusion is speculative. In the Ler background, 
gai/GAI heterozygotes are intermediate to GAi/GAi and gai!gai homozygotes for both 
response to endogenous GA (measured as plant height) and sensitivity to exogenous GA 
(Koornneef et al., 1985). If the gai x AMT heterozygotes, which are in the Ler x C24 
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background, proved to be responsive to GA, then the conclusion that the demethylation-
induced promotion of flowering was dependent on GA is not valid. 
The flowering time of the gai!GA/ heterozygotes in the Ler x C24 background was 
compared to that of homozygous GAi/GAi plants in the same background. GAi/GA/ plants 
flowered with 33.5 rosette leaves (RL), whereas gai/GAI plants flowered with 40.1 RL 
(Table 5.1 ). A proportion of plants in both lines (52 % of GAi/GAi plants and 24 % of 
gai/GAI plants) failed to bolt before the media had dehydrated. Therefore, although leaf 
counting was continued until senescence occurred, these RLNs are an underestimation of 
the true leaf number at flowering. However, using these data as they stand, flowering 
appears to be delayed in the gai/GAI heterozygotes compared to the GAi/GAi 
homozygotes, suggesting that the response to endogenous GA is impaired in these plants, 
and that the response to GA is a component of flowering. 
When the response to exogenous GA was tested, the results substantiated the suggestion 
that the response to GA was impaired in gai/GA/ plants. The effect of exogenous GA was 
determined using TLN as a measurement of flowering time, because elongation of the 
internodes between rosette leaves in GA-treated plants made the distinction between 
rosette and cauline leaves unclear. Exogenous GA promoted flowering of GAi/GAi plants, 
which flowered with 29.1 total leaves (TL) compared to 36.6 TL of untreated plants, 52 % 
of which failed to flower. The early flowering response of the GAi/GAi plants to GA was 
mirrored in their morphology; whereas untreated plants had a clearly formed rosette, 
elongation of the internodes between rosette leaves in the GA-treated plants caused 
bolting to occur before rosette leaf production had ceased (Figure 5.1A). When gai/GAI 
plants were treated with exogenous GA, they flowered with 54.1 TL, compared to 45. 7 TL 
of untreated gai/GAI plants (Table 5.1 ). As mentioned , 24 % of the untreated gai!GAI 
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(RLN) n = 17 (9) n = 21 (5) n=7 n=8 
+ vernalisation 12.7 + 0.4 E, 14.3 + 0.6 ' 8.9 + 0.5 F, 11.1 + 0.6 ' 
(RLN) n = 17 n = 16 n = 12 n=9 
Control 36.6 + 1.6 45.7 ± 3.2 J 22.5 + 2.4 K 28.6 ± 3.2 L 
(TLN) n = 17 (9) n = 21 (5) n=7 n=8 
+GA 29.1 ± 1.4 I 54.1 ± 1.6 J 17.5+1.4 28.7 + 2.7 L 
(TLN) n = 17 n=19(1) n=6 n=7 
Table 5.1 Flowering time, expressed either as rosette leaf number (RLN) or total leaf 
number (TLN) of GAi/GAi homozygotes and gaif GAi heterozygotes with or without AMT 
(MET/ antisense construct), in the presence or absence of a vernalisation or GA 
treatment. Average number of leaves+ standard error is shown for each treatment. n = 
number of plants. Figures in brackets denote number of plants that had not bolted by 
the termination of the experiment. The average leaf number in those lines is therefore 
an underestimation of the true leaf number. 
A.c.F,G,i significantly different; p<0.01 
s.o.H,J significantly different; p<0.05 
E,K,L not significantly different; p>0.05 
- GA + GA 
(A) 
(B) 
(C) 
(D) 
Figure 5.1 Representative F1 plants of each cross grown in the presence and absence of 
GA. Photographs were taken within three days of the first visible flower opening , hence 
plants are not necessarily of the same age. (A), GAi/GAi. (B), gai/GAI. 
(C), GAi/GAi-AMT. (D), gai/GAI-AMT. 
plants did not flower within the time of the experiment due to media dehydration , so 45.7 
TL is an underestimation of their true TLN, whereas only one of the GA-treated gai/GAI 
plants did not flower, so that 54.1 TL is a fair estimation of their TLN. These data suggest 
that flowering is not promoted by exogenous GA in the gai!GA/ heterozygotes. This 
conclusion is supported by the observation that GA-treated GAi/GAi plants flowered much 
earlier than GA-treated gai/GAI plants (29.1 TL vs 54.1 TL, Table 5.1 ). The delay in 
flowering of gai/GAI plants in the presence of exogenous GA also supports the trend 
towards later flowering seen in untreated gai/GAI plants compared to untreated GAi/GA/ 
plants. gai/GAI plants were generally shorter than the GAi/GAi plants (Figure 5.1A vs B) , 
consistent with the gai mutation causing a dwarf phenotype (Koornneef et al., 1985), which 
was retained in the presence of GA (Figure 5.1 B). 
Together, the above results suggest that the early flowering response to endogenous and 
exogenous GA is blocked in gai/GAI heterozygotes in the Ler x C24 background, and that 
consequently, like other aspects of GA signalling , the GA pathway to flowering is impaired 
in these plants. The results also imply that the GA pathway to flowering is operational 
under these conditions in the wild type plants. Therefore, together with the wild type 
GAi/GAi plants, the gai/GAI plants offered an ideal opportunity to study the effects of 
vernalisation and demethylation on flowering time and FLC expression in the presence 
and absence of a functional GA pathway. 
5.3.2 The gai mutation partially blocks the early flowering response to 
demethylation 
In the C24 ecotype, flowering is promoted by GA, vernalisation and demethylation 
(Finnegan et al. , 1998; Genger, 2000). Demethylation and vernalisation promote flowering 
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via the down-regulation of FLC expression (Sheldon et al. , 1999), and it has been 
suggested that demethylation might also promote flowering via an interaction with GA 
(Genger, 2000). To investigate whether demethylation would still promote flowering in the 
absence of a functional GA pathway, Ler and gai plants were crossed to C24 plants 
containing the AMT construct which had 10 % of wild type CG methylation levels 
(Finnegan et al. , 1996). DNA extracted from C24, gai/GAI, GAi/GAi-AMT and gai/GAI-AMT 
plants was analysed using the methylation-sensitive enzymes Mspl and Hpal I, which 
detect a loss of methylation within CCGG sites. There was a clear reduction in methylation 
in DNA of the GAi/GAi-AMT and gai/GAI-AMT plants compared to wild type C24 and 
gai/GAI DNA, as indicated by the degree of hybridisation to the digested fraction of DNA in 
the AMT lines (Figure 5.2; compare lanes 5 and 6 to lanes 2 and 4) . 
To determine whether demethylation promotes flowering to the same extent in GA-
responsive and GA non-responsive backgrounds, the flowering time of GAi/GAi-AMT 
plants was compared to GAi/GAi control plants with normal methylation levels. GAi/GA/-
AMT plants flowered with 16.3 RL, compared to 33.5 RL of GAi/GAi control plants, 
equivalent to at least a 51 % promotion of flowering (Table 5.1 ). The flowering time of the 
gai/GAI-AMT line was then compared to gai/GAI plants with normal methylation levels, to 
observe the effect of demethylation in the absence of a functional GA pathway. gai/GA/ 
plants flowered with 40.1 RL, whereas gai!GAI-AMT plants flowered significantly earlier, 
with 24.9 RL, equivalent to a 38 % promotion of flowering (Table 5.1 ). Therefore, 
demethylation appears to promote flowering slightly more in the presence of a functional 
GA pathway than in the absence of a functional GA pathway. These observations suggest 
that the promotion of flowering by demethylation might be partially affected by a plant's 
ability to perceive or respond to GA. 
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Figure 5.2 Analysis of methylation at CG sites in DNA from C24, MET/ antisense (AMT) 
and F1 plants with normal and low levels of methylation. DNA was digested with Mspl 
(M) or Hpall (H) and hybridized to a 180 bp centromeric repeat probe. The EtBr stained 
gel is shown on the right. Lane 1 & 2, C24 ; lane 3, AMT; lane 4, gai/GAI; lane 5, 
gai!GAI-AMT; lane 6, GAi/GAi-AMT. 
To determine whether a loss of DNA methylation altered the early flowering response to 
GA in wild type plants, the flowering time of GAi/GAi-AMT plants was measured in the 
presence and absence of exogenous GA. The GA-induced promotion of flowering in 
GAi/GAi-AMT plants is reduced compared to wild type GAi/GAi plants (Table 5.1 ); 
therefore, demethylation partially substitutes for GA, though not necessarily by the same 
mechanism. GA-treated GAi/GAi-AMT plants flowered with 17.5 TL, compared to 22.5 TL 
of untreated GAi/GAi-AMT plants (Table 5.1 ). Although this is not a statistically significant 
promotion of flowering, probably due to the small number of plants being compared, some 
response to GA is evident in the elongated hypocotyl phenotype of the GA-treated 
GAi/GAi-AMT plants compared to control GAi/GAi-AMT plants (Figure 5.1 C). 
The lack of a GA response in gai/GAI plants was reflected in the behaviour of the gai/GAI-
AMT plants. GA-treated gai/GAI-AMT plants flowered with 28.7 TL compared to 28.6 TL of 
untreated gai/GAI-AMT plants (Table 5.1). This lack of a GA response is supported by the 
absence of an elongated internode phenotype in the GA-treated gai/GAI-AMT plants 
(Figure 5.1 D). 
As mentioned, demethylation in the gai/GAI background resulted in plants that flowered 
with 24.9 RL; however, demethylation in the GAi/GAi background resulted in plants that 
flowered with 16.3 RL, significantly earlier than the gai/GAI-AMT plants. Therefore, 
although flowering is promoted by demethylation in the absence of a functional GA 
pathway, it appears to be promoted still further in plants that possess a functional GA 
pathway. This result could suggest that the demethylation-induced promotion of flowering 
in GAi/GAi-AMT plants is partially dependent on GA; alternatively, perhaps gai delays 
flowering in the gai/GAI-AMT plants compared to GAi/GAi-AMT plants via a completely 
separate pathway that counteracts the effects of demethylation. 
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5.3.3 The gai mutation does not block the response to vernalisation 
It has been proposed that GA operates downstream of FLC, a key regulator of the 
vernalisation response (Sheldon et al., 1999). Previous investigations of the role of GA in 
the vernalisation response (e.g. Wilson et al., 1992) were carried out in the Ler 
background, where levels of FLC expression are inherently low (Michaels and Amasino, 
1999a; Sheldon et al., 1999). To investigate interactions between GA and vernalisation 
further, the response of gai!GAI plants to vernalisation was tested in a background which 
has moderately high FLC expression levels, being a cross between Ler and C24, an 
ecotype with very high levels of FLC expression (Sheldon et al., 1999; see also section 
5.3.4). If GA and vernalisation do operate within the same pathway, the gai mutation 
should affect the ability of the plants to respond to vernalisation. The flowering time of 
GAi/GAi plants was compared to that of gai!GAI plants with and without a three-week 
vernalisation treatment. GAi/GAi plants flowered with 33.5 RL, but after vernalisation , they 
flowered with 12. 7 RL (Table 5.1 ). The gai!GAI plants responded similarly, flowering with 
14.3 RL after a vernalisation treatment, compared to 40.1 RL of unvernalised gai/GAI 
plants (Table 5.1). 
These results demonstrate that in a background where FLC levels are moderately high , 
plants that are unable to respond to GA still respond to vernalisation. Consistent with this, 
the flowering time of vernalised GAi/GAi and vernalised gai/GAI plants is not significantly 
different (Table 5.1 ), indicating that the gai mutation has no effect on the promotion of 
flowering by the vernalisation pathway, and supporting the notion of GA and vernalisation 
acting through separate pathways. This contrasts with the effect of the gai mutation on the 
demethylation-induced promotion of flowering described in section 5.3.2. 
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To determine whether vernalisation affects the apparent interactions between 
demethylation and GA, the flowering time of vernalised GAi/GAi-AMT and gai/GAI-AMT 
plants was measured. Vernalised GAi/GAi-AMT plants flowered with 8.9 RL, significantly 
earlier than vernalised GAi/GAi plants, which flowered with 12.7 RL (Table 5.1 ), indicating 
that the effects of vernalisation and demethylation are partially additive. This is consistent 
with results seen for vernalised C24 and vernalised AMT plants (Finnegan et al., 1998), 
showing that vernalisation does not saturate the early flowering response, as 
demethylation promotes flowering still further in vernalised plants. This additive behaviour 
was also observed in the plants with a non-functional GA pathway, where vernalised 
gai/GAI-AMT plants flowered with 11.1 RL, significantly earlier than vernalised gai/GAI 
plants which flowered with 14.3 RL (Table 5.1 ). 
The observation that demethylation and vernalisation are additive in both the presence 
and absence of gai provides additional support for the premise that GA and vernalisation 
act within separate pathways. However, vernalised GAi/GAi-AMT plants flower 
significantly earlier than vernalised gai/GAI-AMT plants (8.9 RL vs 11.1 RL, Table 5.1 ). 
This observation is consistent with the earlier suggestion of a GA-dependent aspect of 
demethylation-induced flowering, and suggests that vernalisation cannot compensate for 
the apparent interaction between GA and demethylation. 
5.3.4 Analysis of FLC and SOC1 expression 
5.3.4. 1 FLC and SOC1 expression in parental lines 
The results of the previous sections suggested that GA and vernalisation promote 
flowering by separate pathways, but that demethylation, which promotes flowering partly 
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via the GA-independent vernalisation pathway, might also promote flowering by a GA-
dependent pathway. To investigate the molecular mechanisms underlying these 
observations, the expression of the floral repressor FLC and the floral promoter SOC1 was 
analysed. FLC expression is reduced by both vernalisation and demethylation (Sheldon et 
al., 1999). SOC1 is a direct target of repression by FLC (Hepworth et al., 2002) and is up-
regulated by vernalisation and demethylation, due to relief of repression by FLC (Lee et 
al., 2000). SOC1 is also up-regulated by GA (Borner et al., 2000), by the photoperiod 
pathway via CONSTANS (Samach et al., 2000; Hepworth et al., 2002), and is 
developmentally regulated, with its expression increasing as plants approach flowering 
(Lee et al., 2000). 
The levels of FLC and SOC1 expression were initially analysed in C24, AMT, Ler and gai, 
the four parental lines used to generate the F1 lines. 
In C24, FLC is expressed at a high level (Figure 5.3A, left panel), which represses SOC1 
expression (Figure 5.3A, right panel). In AMT plants with low methylation levels, FLC 
expression is reduced and the expression of SOC1 increases. Ler has low FLC levels, 
partly due to the nature of its FRI allele (Sheldon et al., 1999), and has a very high level of 
SOC1 expression (Figure 5.3A, right panel). The gai mutant in the Ler background also 
has low FLC expression levels (Figure 5.3A, left panel). The levels of FLC expression 
correlate with flowering times of the C24 and AMT lines, where AMT is early flowering 
compared to C24 (Finnegan et al., 1998), but the late flowering of gai compared to Ler 
(Koornneef et al. , 1985) is not associated with increased FLC expression. SOC1 
expression is lower in gai than in Ler (Figure 5.3A, right panel) , consistent both with GA-
induced up-regulation of SOC1 being affected in gai plants, and with the later flowering of 
gai plants causing a delay in the developmental up-regulation of SOC1 . 
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Figure 5.3 Level of FLC and SOC1 expression in parental lines in the presence and 
absence of vernalisation or GA treatment. (A), control; (8), + GA; (C), + vernalisation. 
The EtBr stained gels are shown below for loading comparisons. All samples probed 
with FLC were run on the same gel, and hence are directly comparable; the same 
applies to all samples probed with SOC1. 
When the four parental lines were treated with GA (Figure 5.3B), the expression of FLC 
was unchanged, consistent with reports that FLC acts upstream of GA (Sheldon et al. , 
1999). The level of SOC1 expression increased slightly in GA-treated C24, AMT and Ler 
lines, again consistent with up-regulation of SOC1 by GA (Borner et al., 2000). 
Surprisingly, the level of SOC1 also appeared to increase slightly in the GA-treated gai 
plants; however, there is relatively more RNA in the GA-treated sample (Figure 5.3, 
compare far right lanes of panel A and B), which is likely to account for this. 
Vernalisation decreased the level of FLC expression in C24 and AMT plants, and resulted 
in up-regulation of SOC1 (Figure 5.3C). The low level of FLC expression in vernalised Ler 
and gai plants was comparable to that in the unvernalised controls, as expected, and 
SOC1 was also upregulated (Figure 5.3C). The level of SOC1 expression in vernalised Ler 
plants, with a functional GA pathway, was much higher than in vernalised gai plants 
(Figure 5.3C). This could be due to inhibition of GA-mediated up-regulation of SOC1 
expression (Borner et al., 2000) in gai. However, as several Ler plants had begun to bolt 
before harvesting, they were more advanced developmentally, which could also account 
for the increase in SOC1 expression in Ler compared to gai. 
Taken together, the analysis of FLC and SOC1 expression in parental lines is consistent 
with GA and vernalisation promoting flowering via separate pathways; whereas 
vernalisation decreases FLC and increases SOC1, exogenous GA does not significantly 
affect their expression. However, the lack of a functional GA pathway appears to affect 
SOC1 expression , indicating that the vernalisation and GA pathways integrate at SOC1. 
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5.3.4.2 FLC and SOC1 expression in F1 lines 
In the F1 lines, the level of FLC expression in GAi/GAi and gai/GA/ lines is intermediate 
between C24 and Ler (Figure 5.4A compared to Figure 5.3A; note that in Figure 5.4A, the 
GAi/GAi sample is substantially underloaded in comparison to the other samples). 
The level of FLC expression was reduced in the GAi/GAi-AMT and gai/GAI-AMT plants 
(Figure 5.4A), correlating with the earlier flowering of these lines compared to the GAi/GA/ 
and gai/GAI lines (Table 5.1 ). SOC1 expression increased in both AMT lines compared to 
the control lines (Figure 5.4A), consistent with the promotion of flowering in these lines. As 
SOC1 expression increased to the same extent in both the GAi/GAi-AMT and gai/GAI-
AMT lines, there does not appear to be a direct role for GA in the up-regulation of SOC1 in 
response to demethylation. 
In the GA-treated plants, FLC expression appeared to increase beyond that of untreated 
plants (Figure 5.4A vs 8). This is inconsistent both with GA acting downstream of FLC 
(Sheldon et al. , 1999) and with the GA-induced promotion of flowering in the GAi/GAi and 
GAi/GAi-AMT lines seen in the previous flowering experiment (Table 5.1 ). However, as the 
flowering time was not measured on the same batch of plants as those used for 
expression analysis , it is not known if flowering was promoted in the GA-treated plants 
used for RNA isolation. Because of this, the apparent increase in FLC expression is 
assumed to be an artefact, as it was not observed in parental lines treated with GA (Figure 
5.3A vs 8). However, consistent with the increase in FLC expression in the GA-treated F1 
lines, SOC1 expression decreased in these lines (Figure 5.48). The repression of SOC1 
by FLC therefore appears to override the expected up-regulation of SOC1 expression by 
GA (Borner et al. , 2000). 
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Figure 5.4 Level of FLC and SOC1 expression in F1 lines in the presence and absence 
of vernalisation or GA treatment. (A), control; (8), + GA; (C), + vernalisation. 
GG = GAi/GAi (Ler x C24); GGA= GAi/GAi-AMT (Ler x AMT); gG = gai!GAI (gai x C24); 
gGA = gai/GAI-AMT (gai x AMT). The EtBr stained gels are shown below for loading 
comparisons. All samples probed with FLC were run on the same gel, and hence are 
directly comparable; the same applies to all samples probed with SOC1. Note that in 
(A), the GAi/GA/ sample is relatively underloaded in both gels. 
Vernalisation resulted in a reduction in FLC expression in all four F1 lines (Figure 5.4A vs 
C), consistent with vernalisation being independent of the gai mutation. The decrease in 
FLC expression correlated with the concomitant up-regulation of SOC1 (Figure 5.4C) and 
is consistent with the promotion of flowering of vernalised plants observed in the flowering 
time experiment (Table 5.1). Vernalised GAi/GAi-AMT and gai/GAI-AMT plants had higher 
levels of SOC1 expression than the vernalised GAi/GAi or gai/GAI plants with normal 
methylation levels, even though all lines appeared to have comparable, low levels of FLC 
expression (Figure 5.4C); however, it is possible that the FLC levels do vary, but below the 
limit of detection. The increase in SOC1 expression in the vernalised AMT lines is 
consistent with their earlier flowering compared to the vernalised GAi/GAi and gai/GAI 
lines seen in the previous flowering experiment (Table 5.1 ). Although none of the F1 plants 
used for RNA isolation had bolted before being harvested, the increase in SOC1 
expression in vernalised AMT plants could be due to developmental upregulation. 
Interestingly, the expression of SOC1 appeared to be slightly higher in vernalised 
GAi/GAi-AMT plants than vernalised gai/GAI-AMT plants (Figure 5.4C). This is consistent 
with the earlier flowering of vernalised GAi/GAi-AMT plants compared to vernalised 
gai/GAI-AMT plants (Table 5.1 ). In contrast, the flowering time of vernalised GAi/GA/ and 
gai/GA/ plants was not significantly different (Table 5.1 ), and SOC1 expression was more 
comparable in these lines (Figure 5.4C). 
The flowering time experiments suggested that demethylation promoted flowering in 
gai/GAI-AMT plants in comparison to gai/GAI plants via a GA-independent pathway. This 
correlated with decreased FLC expression in gai/GAI-AMT plants compared to gai/GAI 
plants. However, flowering was promoted even further in GAi/GAi-AMT plants with a 
functional GA pathway, and this was not correlated with a further decrease in FLC 
expression; if anything, FLC expression is higher in GAi/GAi-AMT than gai/GAI-AMT 
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plants (Figure 5.4A). It is therefore possible that the earlier flowering of GAi/GAi-AMT 
compared to gai/GAI-AMT may occur via an FLC-independent pathway, possibly involving 
GA. Taken together, these results indicate that demethylation might promote flowering by 
more than one mechanism. 
5.4 Discussion 
Flowering in Arabidopsis can be promoted by many signals, including GA, vernalisation, 
and demethylation. The generation of heterozygous gai plants enabled an investigation of 
interactions between GA, vernalisation and demethylation in plants with elevated levels of 
FLC expression. 
Although the gai/GAI heterozygous plants used in the experiments reported here were 
unable to respond to GA, they flowered early after a vernalisation treatment. The 
vernalisation-induced promotion of flowering correlated with a decrease in FLC expression 
levels and increase in SOC1 expression levels. The response to vernalisation, but not to 
GA, is consistent with vernalisation and GA promoting flowering via separate pathways. 
Demethylation promoted flowering in gai/GAI-AMT plants compared to gai/GAI plants, 
indicating that a GA-independent aspect of demethylation-induced promotion of flowering 
exists; this correlated with a decrease in FLC expression and relief of FLC-mediated SOC1 
repression, and is consistent with GA acting downstream of FLC (Sheldon et al., 1999). 
Demethylation appeared to promote flowering to a greater extent in GA-responsive plants 
than in GA non-responsive plants, suggesting the down-regulation of FLC, although the 
major influence of demethylation on flowering, may not be the only one, and that part of 
the demethylation-induced early flowering response could be dependent on a functional 
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GA pathway. The GA-dependent demethylation-induced promotion of flowering in 
GAi/GAi-AMT plants was not associated with any further decrease in FLC expression, 
consistent with GA acting downstream of FLC (Sheldon et al., 1999). The down-regulation 
of SOC1 expression in gai plants compared to wild type Ler is consistent with GA up-
regulating SOC1 (Borner et al., 2000), and could suggest that gai acts, at least in part, 
upstream of SOC1 (Figure 5.5). However, the GA-dependent aspect of demethylation-
induced flowering in GAi/GAi-AMT plants was not associated with an obvious increase in 
SOC1 expression. Perhaps the effect of demethylation is downstream of SOC1, for 
example, at LEAFY (Figure 5.5). 
Vernalised GAi/GAi and gai/GAI lines, which flowered at the same time, had moderately 
high FLC levels before vernalisation. As FLC is the key regulator of the vernalisation 
pathway, the vernalisation-induced decrease in FLC expression is likely to be responsible 
for these similar flowering times. In contrast, in the already reduced FLC background of the 
AMT F1 lines, vernalised GAi/GAi-AMT plants flowered earlier than vernalised gai/GAI-
AMT plants, which correlated with an increase in SOC1 expression but no detectable 
change in FLC expression. This is consistent with the recent discovery of a minor FLC-
independent vernalisation pathway (Michaels et al. , 2003) , a pathway intimated several 
years ago by the observation that Ler and gai plants show a vernalisation response in SD 
(Wilson et al. , 1992) despite their low FLC levels (Sheldon et al. , 1999; this chapter). In 
line with this , SOC1 expression is up-regulated by vernalisation in an fie null mutant (Moon 
et al. , 2003). The up-regulation of SOC1 in the fie mutant occurs only when the GA 
pathway is also active (Moon et al. , 2003). 
Because vernalised GAi/GAi-AMT plants flower earlier than vernalised gai/GAI-AMT 
plants, this pathway might also involve GA (Figure 5.5). The FLC-independent 
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Figure 5.5. Interactions between GA, vernalisation and demethylation in the promotion 
of flowering, incorporating potential sites of action of demethylation and gai. 
vernalisation pathway involves up-regulation of the MADS-box transcription factor AGL24, 
which reciprocally up-regulates SOC1 (Michaels et al., 2003; Figure 5.5). AGL24 is also 
up-regulated by GA (Yu et al., 2002). However, the GA-dependent up-regulation of AGL24 
is markedly reduced in a soc1 mutant (Yu et al., 2002) , so perhaps the up-regulation of 
AGL24 by GA is mediated via SOC1 (Figure 5.5). SOC1 expression increases in GAi/GAI-
AMT and gai/GAI-AMT plants compared to plants with normal levels of methylation, which 
might be independent of FLC (this chapter). Perhaps AGL24 expression is also regulated 
by methylation (Figure 5.5); if so, it could be a likely candidate to explain the promotion of 
flowering in vernalised and unvernalised GAi/GAi-AMT plants compared to gai/GAI-AMT 
plants. 
Together, the results of this chapter suggest that vernalisation and GA promote flowering 
by separate pathways which integrate at SOC1, and that the early flowering response to 
demethylation is mostly due to a GA-independent down-regulation of FLC expression. 
However, the data also suggest that there may be other aspects to demethylation-induced 
early flowering, which could possibly occur via an FLC-independent and/or a GA-
dependent mechanism. 
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Chapter 6: General Discussion 
6.1 Roles of DNA methylation in promoting flowering 
A loss of DNA methylation disrupts many aspects of plant development. In Arabidopsis, 
demethylation results in a range of phenotypic abnormalities such as decreased fertility, 
altered leaf dimensions, reduced apical dominance and alteration of flowering time 
(Finnegan et al., 1996; Ronemus et al., 1996). Introduction of an antisense construct 
against the predominant DNA methyltransferase, MET/, reduces methylation of CG 
di nucleotides to 10 % of wild type levels. This observation, combined with the fact that 
particular sequences become hypermethylated in MET/ antisense plants (Kishimoto et al., 
2001 ), suggests other DNA methyltransferases may have roles in plant development. 
Apart from MET/, there are 9 DNA methyltransferase genes in Arabidopsis (The 
Arabidopsis Genome Initiative, 2000), any of which could carry out methylation. The role of 
METIi, a methyltransferase belonging to the same class as MET/, was investigated in this 
thesis. 
The introduction of METIi silencing constructs into the Arabidopsis C24 ecotype resulted in 
plants containing as little as 20 % of wild type levels of METIi expression. METIi 
transgenic plants displayed no apparent change in morphology and had no detectable 
decrease in either overall methylation levels, or in methylation of either CG or CTG in 
repeated sequences, compared to wild type plants. A similar lack of morphological change 
has been reported in two other DNA methyltransferase mutants, cmt3 in Arabidopsis 
(Lindroth et al., 2001) and dnmt2 in mice (Okano et al., 1998a). Despite the lack of a 
detectable decrease in methylation levels, METIi transgenic plants with at least a 60 % 
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reduction in METIi expression levels flowered significantly earlier than wild type plants. 
Early flowering of MET/ antisense plants in the C24 ecotype is correlated with a reduction 
in expression of the floral repressor FLC (Sheldon et al., 1999). In contrast, the early 
flowering of METIi transgenic plants was not associated with any apparent reduction in 
FLC expression, suggesting that METI I has different target sequences to METI. The lack 
of detectable demethylation in METIi transgenic plants suggests that these targets may 
only be a small proportion of the genome. Highly selective, sequence-specific methylation 
has been observed in human DNA (Xu et al., 1999); perhaps METIi methylates specific 
sequences that are important in the floral transition. The effect on the floral transition could 
be indirect, as comparative microarray analysis of a line with low levels of METIi 
expression and wild type plants showed that the early flowering of the MET// line was 
associated with upregulation of a number of photosynthetic genes. This suggests that 
METI I might be involved in the regulation of either photosynthetic genes or an upstream 
regulator of these genes. The up-regulation of chloroplast-encoded genes in the METIi 
transgenic line could be due to effects on a nuclear-encoded upstream regulator of these 
genes, as METIi is predicted to be a nuclear-localised protein. 
Demethylation resulting from introduction of a MET/ antisense construct (AMT) promotes 
flowering in the C24 ecotype, due to down-regulation of the floral repressor FLC (Sheldon 
et al., 1999). In contrast, in the Columbia (Col) ecotype, where FLC expression is very low, 
demethylation resulting from introduction of an AMT construct or from a mutation in the 
DDM1 gene delays flowering (Ronemus et al., 1996; Kakutani et al., 1996; Kakutani, 
1997). Flowering is affected immediately in Col-AMT plants, whereas late flowering in 
ddm1 mutants is only observed after several generations of inbreeding. The late flowering 
phenotype of AMT in Col and ddm 1 is associated with demethylation and expression of 
the normally silent FWA gene, which encodes a floral repressor (Soppe et al., 2000). Late 
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flowering does not occur in C24-AMT plants; the FWA allele of C24 may be non-functional 
(Genger et al. , 2003). 
Because the Col ecotype, in which the ddm1 mutation was isolated, has low levels of FLC 
expression (Sheldon et al. , 1999), it was unknown whether like AMT, a mutation in the 
DDM1 gene could down-regulate FLC expression. To investigate this possibility, AMT and 
ddm1 were backcrossed to Landsberg erecta lines containing dominant expressed alleles 
of FLC and methylated , silenced FWA alleles. CG methylation within repetitive DNA 
sequences was reduced and FLC expression was down-regulated in both the AMT and 
ddm1 backgrounds, promoting flowering . In contrast to the ddm1 mutant in the Col 
background, in which flowering time was affected only after six generations of inbreeding 
(Kakutani , 1997), a promotion of flowering was seen in the second generation of 
homozygosity of ddm 1 in the experiments reported here. 
Unlike FLC, which was repressed in both AMT and ddm1 backgrounds, the single-copy 
gene FWA was demethylated , and hence expressed, only in the AMT background. This 
suggests that down-regulation of FLC is not controlled by single-copy sequence 
methylation. A reduction in the expression of UFC, a gene adjacent to FLC, in both the 
AMT and ddm1 backcrossed lines further suggested that FLC repression is likely to be 
part of a widespread effect of DNA methylation or chromatin remodelling over a larger area 
of the genome. DDM1 is homologous to chromatin remodelling proteins (Jeddeloh et al. , 
1999; Brzeski and Jerzmanowski , 2003) ; loss of DDM1 activity results in loss of DNA 
methylation (Vongs et al., 1993) and redistribution of histone H3 lysine 9 (H3K9) 
methylation (Soppe et al. , 2002). Repression of FLC by an effect on chromatin structure is 
consistent with the need for the VRN2 gene for FLC repression (Gendall et al. , 2001 ). 
VRN2 is a Polycomb group protein that in other organisms has been shown to establ ish a 
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repressive state via effects on higher order chromatin structure (Gendall et al., 2001; Birve 
eta/., 2001). 
Like demethylation (Finnegan et al., 1998), vernalisation promotes flowering by down-
regulating FLC expression (Sheldon et al., 1999). Vernalisation has been suggested to 
both interact with and to be independent of the GA pathway, though the evidence 
supporting these suggestions is inconclusive and studies have previously only been done 
in low FLC backgrounds. The experiments reported here used plants with elevated levels 
of FLC expression. Plants in which GA signalling was impaired by mutation of gai showed 
an equivalent response to vernalisation as that seen in GAi wild type plants, supporting the 
suggestion that the promotion of flowering by vernalisation is independent of GA. Crossing 
the gai mutant to AMT plants with low methylation levels showed that demethylation 
promotes flowering via a GA-independent pathway which relies on down-regulation of 
FLC. However, demethylation promoted flowering still further in a GA-responsive 
background, which suggested that demethylation might also interact with the GA pathway 
to flowering. Expression of the floral integrator SOC1, known to be the target of FLC 
repression and GA activation (Borner et al., 2000; Onouchi et al., 2000; Samach et al., 
2000) was up-regulated in vernalised GAi/GAi-AMT and gai/GAI-AMT plants compared to 
plants with normal levels of methylation, but FLC levels were comparable in all vernalised 
genotypes tested. SOC1 expression was up-regulated slightly more in vernalised GAi/GA/-
AMT than gai/GAI-AMT plants, suggesting that a recently identified FLC-independent 
vernalisation pathway (Michaels et al., 2003) could be active in GAi/GAi-AMT plants, and 
that this may involve GA. 
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6.2 Future directions 
6.2.1 Further characterisation of the role of METIi 
Silencing METIi promotes flowering and correlates with upregulation of photosynthetic 
genes. To ascertain whether METIi has a role in the regulation of photosynthetic genes, 
the microarray analysis should be repeated with line 7.2, as well the other two MET// lines. 
If photosynthetic genes are up-regulated in the early flowering line 6.2, but are not up-
regulated in line 13.1 which has no change in flowering time, then it could be concluded 
that the early flowering phenotype was definitely correlated with the changes in 
photosynthetic gene expression, and that METIi has a role in the regulation of these 
genes. Alternatively, if photosynthetic genes are not up-regulated in the second early 
flowering line, then it is possible that insertion of the METIi construct in line 7.2 has 
disrupted the expression of a gene that regulates photosynthesis. To investigate this, the 
insertion site of the METIi construct could be mapped using TAIL PCR and the role of any 
gene disrupted by the insertion could be determined. 
To further determine the role METIi plays in flowering, Arabidopsis could be transformed 
with hairpin constructs directed against the genes identified as up-regulated in the 
microarray analysis. Such lines could be used to investigate whether these genes affect 
flowering time; a delay in flowering in these lines in comparison to the overexpressing lines 
would be predicted. Genomic sequencing of bisulphite-treated DNA of the genes with 
altered expression would reveal any specific sites of methylation by METIi , although it is 
possible that transcriptional regulators of these genes may be targets of METIi. Further 
characterisation of the cDNA clones and proteins of unknown function that are up- and 
down-regulated in the METIi transgenic line may reveal their functions and help to identify 
other potential targets of METI I. In addition, as the slides used in the analysis described 
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here contained only half of the Arabidopsis genes, microarray analysis could be performed 
on the remainder of the Arabidopsis genome. 
The role of METIi in the vernalisation response is unclear. Although a reduction in METIi 
expression promotes flowering, it has no detectable effect on FLC expression , unlike in 
MET/ antisense plants. Analysis of antisense MET/ x MET/I lines is currently underway (EJ 
Finnegan, personal communication). It will be interesting to see if compromising the 
expression of both genes can completely substitute for a vernalisation treatment. Several 
lines of evidence suggest that cooperative behaviour exists between methyltransferases, 
so it is possible that METI and METIi could also cooperate. For example, in a human cell 
line, disrupting ONMT1 caused a 20 % decrease in methylation and disrupting ONMT3b 
caused only a 3 % decrease, but double knockout lines had a 95 % reduction in 
methylation levels (Rhee et al. , 2002). In Drosophila, co-expression of ONMT1 and 
DNMT3a resulted in an increase in methylation levels beyond that seen in singly 
expressing lines (Lyko et al. , 1999); this cooperative behaviour might result from DNMT1 
maintaining the methylation installed by the de nova DNMT3a/3b enzymes. 
Further characterisation of METIi function could also be undertaken. In vitro assays of 
protein function using baculovirus-mediated expression could help to determine the target 
sequences of METIi. Later generations of METIi transgenic lines could be examined to 
determine if the early flowering phenotype is stable, or if other phenotypes arise after 
repeated selfing. Any subtle phenotypes might be revealed by a more in-depth expression 
analysis than has been done to this point (Genger, 2000). Promoter-GUS or GFP fusion 
constructs could be utilised to analyse METIi expression in different stages of 
development and in different tissues. METI has recently been shown to maintain CG 
methylation during plant gametogenesis (Saze et al. , 2003) and Dnmt3L is expressed 
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during gametogenesis in mice (Bourc'his et al., 2001 ); perhaps the influence of METIi also 
varies within different stages of development. 
Analysis of three recently available METIi T-DNA insertion lines from the Salk collection, 
which include two MET/la (#010893 and #018896) and one MET/lb (#048436) lines, would 
help to define a role for the METIi genes. As METIi expression is reduced to 20 % at most 
in the lines described here, knockout lines with zero METIi expression could be 
informative. Crossing the MET/la and MET/lb insertion lines may reveal functions of 
METIi, especially if they are redundant. An additional T-DNA insertion line in the C24 
background that flowers early and has decreased levels of FLC expression has insertions 
in three genes, one of which is in MET/la (C Andersson, personal communication). 
However, it has not yet been determined which insertion is responsible for this phenotype. 
6.2.2 Further analysis of the epigenetic control of flowering 
Future directions of research into the epigenetic control of flowering should include direct 
transformation of C24 with hairpin MET/ and ddm 1 constructs to enable a more equivalent 
comparison of their mechanisms of action in exactly the same genetic background. Hairpin 
construct technology had not been developed at the time these backcrossed lines were 
being generated. Comparison of the expression profiles of all Arabidopsis genes in the 
AMT and ddm1 backcrossed lines and hairpin construct lines might reveal genes that are 
differentially expressed as a result of different mechanisms of demethylation and that may 
be involved in the down-regulation of FLC, as well as any other flowering time genes. 
Based on the observation that single copy sequences are not demethylated in early 
generations of ddm1 homozygotes (Vongs et al., 1993; Kakutani et al., 1995, 1996), it 
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seems likely that demethylation of repeat sequences appears to be related to the down-
regulation of FLC in response to AMT or disruption of DDM1, whereas single-copy 
sequences seem to be less important. A loss of methyl cytosine caused by ddm 1 or met1 
mutations has a dramatic effect on repetitive sequences , leading to a loss of H3K9 
methylation and alteration of chromatin organisation (Soppe et al. , 2003) . Repetitive 
sequences are usually clustered within heterochromatic chromocentres; histone 
methylation is redistributed away from the chromocentres in ddm 1 and met1 mutants 
(Soppe et al. , 2003). It is not clear why redistribution of H3K9 methylation should affect 
FLC/UFC expression. Chromatin immunoprecipitation techniques could be used to 
investigate whether any alteration of histone modifications, including H3K9 and H3K4 
methylation or H3K9 acetylation, occurs within the FLC/UFC region of the AMT or ddm1 
backcrossed lines. 
It is known that DDM1 is required for methylation of tandem repeats at the centromere and 
at other repeated sequences (Vongs et al. , 1993). Recombinant DDM1 can bind to and 
remodel DNA in vitro (Brzeski and Jerzmanowski, 2003). Although these authors did not 
observe any change in ATPase or binding activity of DDM1 in the presence or absence of 
methylation , this analysis was limited to the single-copy FWA sequence and did not 
include analysis of any repetitive sequences. If there are any repeated sequences near the 
FLC-UFC chromosomal region , perhaps DDM1 can recognize and bind to them , leading to 
remodelling of the FLC-UFC chromatin region. 
In wild type Ler-FLC lines, the FLC-UFC region is transcriptionally active and flowering is 
delayed . In the ddm1 backcrossed lines, chromatin remodelling is affected by loss of 
DDM1 , and FLC expression decreases; presumably the region becomes transcriptionally 
inactive. In the AMT backcrossed lines, demethylation of the repeat sequences might 
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affect the binding of DDM1, thereby affecting chromatin remodelling, and down-regulating 
FLC expression. This could be tested by comparing the binding affinity of DDM1 for 
methylated and non-methylated repetitive DNA using antibodies against DDM1 in 
chromatin immunoprecipitation assays with chromatin from wild type and AMT plants. 
In Arabidopsis, most repetitive DNA is found in centromeric regions. Some repetitive 
transposon sequences, such as the F9D12.2 Mutator-like transposon, which is located at 
9 Mb on chromosome V (Figure 4.9), are methylated in wild type plants and demethylated 
in ddm1 plants (Singer et al., 2001 ). Although most repetitive transposon sequences are 
found in the region spanning 9-20 Mb (Figure 4.9), they also occur in the 0-8 Mb region, at 
a frequency of approximately 1 per 100 kb (The Arabidopsis Genome Initiative, 2000). 
Therefore, there could be repetitive transposon sequences around the FLC-UFC region, 
which is located at 3 Mb (Figure 4.9), although there are no obvious candidates on the 
BAC containing FLC (EJ Finnegan, personal communication). Further investigations could 
include analysis of the regions up and downstream of the FLC-UFC region, to see whether 
any adjacent genes are also down-regulated in the absence of DDM1 or METI function 
and to map the extent of the affected domain. This may provide insight into whether there 
is a direct role for repeated sequences in the down-regulation of FLC expression. 
6.2.3 Further analysis of interactions between GA, demethylation and 
vernalisation 
It is clear that further work is required to clarify the exact nature of the interactions between 
demethylation, vernalisation and GA. To confirm the results suggested by the experiments 
described in chapter 5, the flowering time experiments should be repeated using larger 
numbers of plants, with the same batch of plants being used for northern analysis of FLC 
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and SOC1 expression, and FLC/SOC1 expression should be accurately quantified. To 
avoid the problem of the media drying up and skewing the results of the flowering time 
experiment, the flowering experiment should be repeated in soil. Additionally, a flowering 
time experiment should be done in conjunction with repeating the expression analysis of 
the parental lines. Younger plants should be used for the expression analysis to avoid any 
effects of developmental stage on SOC1 expression. 
Future analysis of the response of the AGL24 gene to GA and demethylation, including 
analysis of AGL24 expression in AMT plants and of the methylation status of the AGL24 
gene and promoter region, may help further our understanding of the apparent interactions 
between GA and demethylation. Microarray analysis of the F1 lines may also reveal 
whether any GA-regulated genes are differentially expressed in GAi/GAi-AMT compared 
to gai/GAI-AMT plants. The gai mutant could also be directly transformed with the AMT 
construct and compared by microarray analysis to gai plants with normal methylation 
levels, to observe any interactions between demethylation and GA pathway in the absence 
of FLC. 
6.3 Final conclusions 
Flowering involves complex interactions between different external and internal stimuli and 
has many control points. DNA methylation is of great importance for many aspects of gene 
regulation in almost all species; given that demethylation has such a pleiotropic effect on 
plant development, it seems reasonable to assume that demethylation could affect gene 
expression and promote flowering via more than one pathway or mechanism. For 
example, METIi might be involved in the regulation of some photosynthetic and other light-
regulated genes, and so may be involved with the photoperiod pathway. METI has an 
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important role in the regulation of flowering via the vernalisation/autonomous pathways, by 
down-regulating FLC. METI may also interact with the GA pathway. Could METI I or other 
methyltransferases have other regulatory roles, perhaps within the GA pathway, or the 
minor FLC-independent vernalization pathway? 
Although FLC down-regulation is clearly the major effect of demethylation on flowering, at 
least by AMT (METI) induced demethylation, it might not be the only effect that 
demethylation has on flowering pathways. In the future, elucidation of the roles of the other 
methyltransferase enzymes, including METlla, METllb, METIII, CMT and ORM enzymes 
will shed more light on the complexity of the interactions between DNA methylation and 
plant development. 
154 
Appendix 1: Functions of known genes differentially 
expressed in MET// line #7.2 and C24 
Up-regulated genes: 
Rubisco small subunit: a nuclear encoded gene. In response to a phytochrome signal, the 
rbcS gene is transcribed, by virtue of a transcriptional regulator that binds to a light-
regulated element in its promoter. The SSU protein is targeted to the chloroplast where it 
combines with the Rubisco large subunit, which is transcribed from chloroplast DNA. 
Rubisco fixes both carbon and oxygen (Tobin and Silverthorne, 1985). 
Light harvesting chlorophyll a/b protein: the product of the cab gene. Cab proteins contain 
antenna chlorophylls and carotenoids (Tobin and Silverthorne, 1985). 
Chlorophyll a/b binding protein: pigment-binding protein. Chlorophyll reacts with oxygen to 
form free radicals that can damage proteins; chlorophyll is bound to pigment-binding 
proteins that "quench" the chlorophyll reaction, protecting the cell (Tobin and Silverthorne, 
1985). 
Photosystem proteins: The PSI complex transfers electrons to NADP. Reduced NADPH is 
used for carbon fixation. The PSII protein complex splits water and produces oxygen 
(Tobin and Silverthorne, 1985). 
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Phosphate translocator protein: a membrane-bound protein involved in exchanging 
orthophosphate and triose phosphate between the chloroplast and the cytosol, to enable 
the synthesis of sucrose (Taiz and Zeiger, 1991 ). 
Rotamase precursor: rotamases increase the rate of protein folding by catalysing the 
isomerisation of bonds in oligopeptides (Fischer and Schmid, 1990) 
Chalcone synthase: a light-regulated enzyme of the flavinoid/phenylpropanoid 
biosynthesis pathway. The products of CHS are UV-light protectants and act as a type of 
plant "sunscreen" (Paiva, 2000). 
Vegetative storage protein: a glycoprotein with acid phosphatase activity, induced by 
sucrose, light and environmental stresses such as wounding and water deficiency. 
Synthesised and accumulated in cell vacuoles in vegetative tissue and used for growth 
and development of organs (Berger et al., 1995; Utsugi et al., 1998). 
Major latex proteins: have been identified in poppy (Nessler and Burnett, 1992) and 
homologues have recently been found in Arabidopsis but no known function has been 
ascribed to them. The major latex protein Type 3 is an anti-microbial gene (Schenk et al., 
2000). 
Peroxidases: are involved in the production of lignin, cross-linking of cell wall structural 
proteins, auxin catabolism, pathogen defence and salt tolerance (Hiraga et al., 2001 ). 
Catalase: destroys peroxide formed as a by-product of glycolate, which is the hydrolysed 
form of phosphoglycolate, the product of oxygen fixation by Rubisco in the process of 
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photorespiration (Taiz and Zeiger, 1991 ). Arabidopsis catalase genes are light-regulated 
(Mcclung, 1997). 
Ubiquitin-conjugating protein (UCP): Ubiquitin binds covalently to proteins, serving as a 
recognition site for a large proteolytic complex. The common UCP "E2" brings ubiquitin to 
the site where ubiquitination occurs, and holds it there until ubiquitination has occurred 
(Bachmair et al. , 2001 ). 
Down-regulated genes: 
Nodulin-like protein: there are 20-30 different nodulins, found in legume nodules and 
involved in signal exchange between Rhizobium and nitrogen-fixing root nodules 
(Stougaard, 2000) . 
Water stress-induced protein: water deficit is a normal component of many plant 
developmental processes, as well as a stress induced when transpiration rate exceeds 
water uptake. Changes in gene expression in response to water stress can take place 
within minutes and a large number of genes are involved (Bray, 1997). 
Amine oxidase-like protein : amine oxidase converts tryptamine into indole-3-acetaldehyde 
in the tryptophan-auxin metabolic pathway (Taiz and Zeiger, 1991 ). 
TNP-2 like transposon protein : encoded by CACTA transposons. Activation of 
transposable elements under stress conditions is thought to provide methods of coping 
with varied environmental conditions by allowing for genome plasticity (He et al. , 2000). 
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Npr1-like: NPR1 encodes a cytoplasmic kinase that antagonizes a ubiquitin-mediated 
protein degradation pathway (Johnston et al., 2001 ). 
158 
References 
Adams RLP. 1995. Eukaryotic DNA methyltransferase - structure and function. BioEssays 
17: 139-145. 
Adams RLP and Lindsay H. 1993. What is hemimethylated DNA? FEBS Letters 320: 243-
245. 
Adams S, Vinkenoog R, Spielman M, Dickinson HG and Scott RJ. 2000. Parent-of-origin 
effects on seed development in Arabidopsis thaliana require DNA methylation. 
Development 127: 2493-2502. 
Akhtar A, Zink D and Becker PB. 2000. Chromodomains are protein-RNA interaction 
modules. Nature 407: 405-409. 
Alleman M and Doctor J. 2000. Genomic imprinting in plants: observations and 
evolutionary implications. Plant Molecular Biology 43: 147-161. 
Alonso-Blanco C, El-Assa! SE-D, Coupland G and Koornneef M. 1998. Analysis of natural 
allelic variation at flowering time loci in the Landsberg erecta arid Cape Verde Islands 
ecotypes of Arabidopsis thaliana. Genetics 149: 7 49-764. 
Aniello F, Locascio A, Fucci L, Geraci G and Branno M. 1996. Isolation of cDNA clones 
encoding DNA methyltransferase of sea urchin P. lividus: expression during embryonic 
development. Gene 178: 57-61. 
Amadeo P, Habu Y, Afsar K, Mittelsten Scheid O and Paszkowski J. 2000. Disruption of 
the plant gene MOM releases transcriptional silencing of methylated genes. Nature 405: 
203-206. 
Aukerman MJ and Amasino RM. 1996 . Molecular genetic analysis of flowering time in 
Arabidopsis. Seminars in Cell and Developmental Biology 7: 427-433. 
Aukerman MJ, Lee I, Weigel D and Amasino RM. 1999. The Arabidopsis flowering-time 
gene LUMINIDEPENDENS is expressed primarily in regions of cell proliferation and 
encodes a nuclear protein that regulates LEAFY expression. The Plant Journal 18: 195-
203. 
Bachmair A, Novatchkova M, Potuschak T and Eisenhaber F. 2001. Ubiquitylation in 
plants: a post genomic look at a post-translational modification. Trends in Plant Sciences 
6: 463-470. 
Bagnall DJ. 1992. Control of flowering in Arabidopsis thaliana by light, vernalisation and 
gibberellins. Australian Journal of Plant Physiology 19: 401-409. 
159 
Balganesh TS, Reiner L, Lauster R, Noyer-Weidner M, Wilke Kand Trautner TA. 1987. 
Construction and use of chimeric SPR/f3T DNA methyltransferases in the definition of 
sequence recognizing enzymes regions. The EMBO Journal 6: 3543-3549. 
Bancroft I, Jones JOG and Dean C. 1993. Heterologous transposon tagging of the DRL 1 
locus in Arabidopsis. Plant Cell 5: 631-638. 
Bartee L, Malagnac F and Bender J. 2001. Arabidopsis cmt3 chromomethylase mutations 
block non-CG methylation and silencing of an endogenous gene. Genes and Development 
15: 1753-1758. 
Beard C, Li E and Jaenisch R. 1995. Loss of methylation activates Xist in somatic but not 
in embryonic cells. Genes and Development 9: 2325-2334. 
Bechtold N, Ellis J and Pelletier G. 1993. In planta Agrobacterium mediated gene transfer 
by infiltration of adult Arabidopsis thaliana plants. C.R. Academy Science 316: 1194-1199. 
Bell CJ and Ecker JR. 1994. Assignment of 30 microsatellite to the linkage map of 
Arabidopsis. Genomics 19: 137-144. 
Bender J and Fink GR. 1995. Epigenetic control of an endogenous gene family is revealed 
by a novel blue fluorescent mutant of Arabidopsis. Cell 83: 725-734. 
Berger S, Bell E, Sadka A and Mullet JE. 1995. Arabidopsis thaliana Atvsp is homologous 
to soybean VspA and VspB, genes encoding vegetative storage protein acid 
phosphatases, and is regulated similarly by methyl jasmonate, wounding, sugars, light and 
phosphate. Plant Molecular Biology 27: 933-942. 
Bernacchia G, Para A, Pedrali-Noy G and Cella R. 1998a. Isolation of a cDNA coding for 
DNA (Cytosine-5)-methyltransferase (Accession No. AJ002140) (PGR 98-008) from 
Lycopersicon esculentum. Plant Physiology 116: 446. 
Bernacchia G, Primo A, Giorgetti L, Pitta L and Cella R. 1998b. Carrot DNA-
methyltransferase is encoded by two classes of genes with differing patterns of 
expression. The Plant Journal 13: 317-329. 
Bernier G, Havelange A, Houssa C, Petitjean A and Lejeune P. 1993. Physiological 
signals that induce flowering. Plant Cell 5: 1147-1155. 
Bestor TH. 1990. DNA methylation: evolution of a bacterial immune function into a 
regulator of gene expression and genome structure in higher eukaryotes. Philosophical 
Transactions of the Royal Society of London B. 326: 179-187. 
Bestor TH. 1992. Activation of a mammalian DNA methyltransferase by cleavage of a Zn 
binding regulatory domain. The EMBO Journal 11: 2611-2617. 
Bestor TH and Coxon A. 1993. The pros and cons of DNA methylation. Current Biology 3: 
384-386. 
160 
Bestor TH and Ingram VM. 1983. Two DNA methyltransferases from murine 
erythroleukemia cells: purification, sequence specificity, and mode of interaction with DNA. 
Proceedings of the National Academy of Sciences of the USA 80: 5559-5563. 
Bestor T, Laudano A, Mattaliano R and Ingram V. 1988. Cloning and sequencing of a 
cDNA encoding DNA methyltransferase of mouse cells: the carboxyl-terminal domain of 
the mammalian enzymes is related to bacterial restriction methyltransferases. Journal of 
Molecular Biology 203: 971-983. 
Bestor TH and Tycko B. 1996. Creation of genomic methylation patterns. Nature Genetics 
12: 363-367. 
Bhattacharya SK, Ramchandani S, Cervoni N and Szyf M. 1999. A mammalian protein 
with specific demethylase activity for mCpG DNA. Nature 397: 579-583. 
Bird A. 1978. Use of restriction enzymes to study eukaryotic DNA methylation: II. The 
symmetry of methylated sites supports semi-conservative copying of the methylation 
pattern. Journal of Molecular Biology 118: 49-60. 
Bird A. 1986. CpG-rich islands and the function of DNA methylation. Nature 321: 209-213. 
Birve A, Sengupta AK, Beuchle D, Larsson J, Kennison J, Rasmuson-Lestander A and 
Muller J. 2001. Su(z) 12, a novel Drosophila Polycomb group gene that is conserved in 
vertebrates and plants. Development 128: 3371-3379. 
Blazquez MA, Green R, Nilsson, Sussman MR and Weigel D. 1998. Gibberellins promote 
flowering of Arabidopsis by activating the LEAFY promoter. The Plant Ce/110: 791-800. 
Blazquez M, Koornneef M and Putterill J. 2001. Flowering on time: genes that regulate the 
floral transition. EMBO Reports 2: 1078-1082. 
Blazquez MA and Weigel D. 2000. Integration of floral inductive signals in Arabidopsis. 
Nature 404: 889-892. 
Borner R, Kampmann G, Chandler J, Glei~ner R, Wisman E, Apel Kand Melzer S. 2000. 
A MADS domain gene involved in the transition to flowering in Arabidopsis. The Plant 
Journal 24 (5) 591-599. 
Bourc'his D, Xu G-L, Lin C-S, Bollman Band Bestor TH. 2001. Dnmt3L and the 
establishment of maternal genomic imprints. Science 294: 2546-2539. 
Bowman JL, Alvarez J, Weigel D, Meyerowitz EM and Smyth DR. 1993. Control of flower 
development in Arabidopsis thaliana by APETALA 1 and interacting genes. Development 
119: 721-743. 
Bowman JL, Sakai H, Jack T, Weigel D, Mayer U and Meyerowitz EM. 1992. SUPERMAN, 
a regulator of floral homeotic genes in Arabidopsis. Development 114: 599-615. 
Bradley D, Ratcliffe 0, Vincent C, Carpenter Rand Coen E. 1997. Inflorescence 
commitment and architecture in Arabidopsis. Science 275: 80-83. 
161 
Bray E. 1997. Plant responses to water deficit. Trends in Plant Science 2: 48-54. 
Brzeski J and Jerzmanowski A. 2003. Deficient in DNA methylation 1 (DDM1) defines a 
novel family of chromatin-remodeling factors. The Journal of Biological Chemistry 278: 
823-828. 
Burn JE, Bagnall DJ, Metzger JD, Dennis ES and Peacock WJ. 1993. DNA methylation, 
vernalization, and the initiation of flowering. Proceedings of the National Academy of 
Sciences of the USA 90: 287-291. 
Callebaut I, Courvalin J-C and Mornon J-P. 1999. The BAH (bromo-adjacent homology) 
domain: a link between DNA methylation, replication and transcriptional regulation. FEBS 
Letters 446: 189-193. 
Campbell BR, Song Y, Posch TC, Cullis CA and Town CD. 1992. Sequence and 
organization of 5S ribosomal RNA-encoding genes of Arabidopsis thaliana. Gene 112: 
225-228. 
Cao R, Wang L, Wang H, Xia L, Erdjument-Bromage H, Tempst P, Jones RS and Zhang 
Y. 2002. Role of histone H3 lysine 27 methylation in Polycomb-group silencing. Science 
298: 1039-1043. 
Cao X, Springer NM, Muszynski MG, Phillips RL, Kaeppler Sand Jacobsen SE. 2000. 
Conserved plant genes with similarity to mammalian de nova DNA methyltransferases. 
Proceedings of the National Academy of Sciences of the USA 97: 4979-4984. 
Carotti D, Funiciello S, Palitti F and Strom R. 1998. Influence of pre-existing methylation 
on the de nova activity of eukaryotic DNA methyltransferase. Biochemistry 37: 1101-1108. 
Chandler J and Dean C. 1994. Factors influencing the vernalization response and 
flowering time of late flowering mutants of Arabidopsis thaliana (L.) Heynh. Journal of 
Experimental Botany 45 (278): 1279-1288. 
Chandler J, Wilson A and Dean C. 1996. Arabidopsis mutants showing an altered 
response to vernalization. The Plant Journal 10: 637-644. 
Chandler VL, Eggleston WB and Dorweiler JE . 2000. Paramutation in maize. Plant 
Molecular Biology 43: 121-145. 
Chaudhury AM, Luo M, Miller C, Craig S, Dennis ES and Peacock WJ. 1997. Fertilization-
independent seed development in Arabidopsis thaliana. Proceedings of the National 
Academy of Sciences of the USA 94: 4223-4228. 
Chen L, MacMillan AM, Chang W, Ezaz-Nikpay Kand Lane WS. 1991. Direct identification 
of the active-site nucleophile in DNA (cytosine-5)-methyltransferase. Biochemistry 30: 
11018-11025. 
Chen ZJ and Pikaard CS. 1997. Epigenetic silencing of RNA polymerase I transcription: a 
role for DNA methylation and histone modification in nucleolar dominance. Genes and 
Development 11: 2124-2136. 
162 
Cheng X, Kumar S, Posfai J, Pflugrath JW and Roberts RJ. 1993. Crystal structure of the 
Hhal DNA methyltransferase complexed with S-adenosyl-L-methionine. Ce// 7 4: 299-307. 
Christopher DA and Hoffer PH. 1998. DET1 represses a chloroplast blue light-responsive 
promoter in a developmental and tissue-specific manner in Arabidopsis thaliana. The Plant 
Journal 14: 1-11. 
Chuang LS-H, Ian H-I, Koh T-W, Ng H-H. Xu G and Li BFL. 1997. Human DNA-(Cytosine-
5) methyltransferase-PCNA complex as a target for p21wAF1. Science 277: 1996-2000. 
Clarke JH and Dean C. 1994. Mapping FRI, a locus controlling flowering time and 
vernalization response in Arabidopsis thaliana. Molecular and General Genetics 242: 81-
89. 
Clough SJ and Bent AF. 1998. Floral dip: a simplified method for Agrobacterium-mediated 
transformation of Arabidopsis thaliana. Plant Journal 16: 735-7 43. 
Cogoni C and Macina G. 1999. Gene-silencing in Neurospora crassa requires a protein 
homologous to RNA-dependent RNA polymerase. Nature 299: 166-169. 
Cubas P, Vincent C and Coen E. 1999. An epigenetic mutation responsible for natural 
variation in floral symmetry. Nature 401: 157-161. 
Dalmay T, Hamilton A, Rudd S, Angell S and Baulcombe DC. 2000. An RNA-dependent 
RNA polymerase gene in Arabidopsis is required for posttranscriptional gene silencing 
mediated by a transgene but not by a virus. Ce// 101: 543-553. 
Davies PJ. 1995. Plant Hormones; physiology, biochemistry and molecular biology. 
Kluwer, Dordrecht. 
Dellaporta SL, Wood J and Hicks JB. 1983. Maize DNA minipreps. Maize Genetics 
Cooperation Newsletter: 26-29. 
Deng XW, Matsui M, Wei N, Wagner D, Chu AM, Feldmann KA and Quail PH. 1992. 
COP1, an Arabidopsis regulatory gene, encodes a protein with both a zinc-binding motif 
and a G~ homologous domain. Ce// 71: 791-801. 
Dennis ES, Bagnall D, Finnegan EJ, Helliwell C, King R, MacMillan C, Rouse D, Sheldon 
CC, Tadege Mand Peacock WJ. 2000. Flowering time, FLC, vernalization, demethylation 
and gibberellins. Flowering Newsletter 29: 5-13. 
Dennis ES, Bilodeau P, Burn J, Finnegan EJ, Genger R, Helliwell C, Kang BJ, Sheldon 
CC, and Peacock WJ. 1998. Methylation controls the low temperature induction of 
flowering in Arabidopsis. Symposia of the Society for Experimental Biology 51: 97-103. 
Depicker A and van Montagu M. 1997. Post-transcriptional gene silencing in plants. 
Current Opinion in Cell Biology 9: 373-382. 
Dill A and Sun T. 2001. Synergistic derepression of gibberellin signaling by removing RGA 
and GAi function in Arabidopsis thaliana. Genetics 159: 777-785. 
163 
Dolferus R, Jacobs M, Peacock WJ and Dennis ES. 1994. Differential interactions of 
promoter elements in stress response of the Arabidopsis Adh gene. Plant Physiology 105: · 
1075-1087. 
Dong A, Yoder JA, Zhang X, Zhou L, Bester TH and Cheng X. 2001. Structure of human 
DNMT2, an enigmatic DNA methyltransferase homolog that displays denaturant-resistant 
binding to DNA. Nucleic Acids Research 29: 439-448. 
Eden S, Hashimshony T, Keshet I, Cedar H and Thorne AW. 1998. DNA methylation 
models histone acetylation. Nature 394: 842. 
Edwards K, Johnstone C and Thompson C. 1991. A simple and rapid method for the 
preparation of genomic plant DNA for PCR analysis. Nucleic Acids Research 19: 1349. 
Emanuelsson 0, Nielsen Hand von Heijne G. 1999. ChloroP, a neural network-based 
method for predicting chloroplast transit peptides and their cleavage sites. Protein Science 
8: 978-984. 
Fatemi M, Hermann A, Pradhan S and Jeltsch A. 2001. The activity of the murine OMA 
methyltransferase Dnmt1 is controlled by interaction of the catalytic domain with the N-
terminal part of the enzyme leading to an allosteric activation of the enzyme after binding 
to methylated DNA. Journal of Molecular Biology 309: 1189-1199. 
Finnegan EJ. 2002. Epialleles - a source of random variation in times of stress. Current 
Opinion in Plant Biology 5: 101-106. 
Finnegan EJ and Dennis ES. 1993. Isolation and identification by sequence homology of a 
putative cytosine methyltransferase from Arabidopsis thaliana. Nucleic Acids Research 21: 
2383-2388. 
Finnegan EJ, Genger RK, Kovac K, Peacock WJ and Dennis ES. 1998. DNA methylation 
and the promotion of flowering by vernalisation. Proceedings of the National Academy of 
Sciences of the USA 95: 5824-5829. 
Finnegan EJ and Kovac KA. 2000. Plant DNA methyltransferases. Plant Molecular Biology 
43: 189-201. 
Finnegan EJ, Peacock WJ and Dennis ES. 1996. Reduced DNA methylation in 
Arabidopsis thaliana results in abnormal plant development. Proceedings of the National 
Academy of Sciences of the USA 93: 8449-8454. 
Finnegan EJ, Wang M-8 and Waterhouse P. 2001. Gene silencing: fleshing out the bones. 
Current Biology 11:R99-R102. 
Fire A. 1999. RNA-triggered gene silencing. Trends in Genetics 15: 358-363. 
Fischer G and Schmid FX. 1990. The mechanism of protein folding: implications of in vitro 
refolding models for de nova protein folding and translocation in the cell. Biochemistry 29: 
2205-2212. 
164 
Fowler S, Lee K, Onouchi H, Samach A, Richardson K, Morris B, Coupland G and Putterill 
J. 1999. GIGANTEA: a circadian clock-controlled gene that regulates photoperiodic 
flowering in Arabidopsis and encodes a protein with several possible membrane-spanning 
domains. The EMBO Journal 18: 4679-4688. 
Fridborg I, Kuusk S, Moritz T and Sundberg E. 1999. The Arabidopsis dwarf mutant shi 
exhibits reduced gibberellin responses conferred by overexpression of a new putative zinc 
finger protein. The Plant Ce// 11: 1019-1031. 
Frisch DA, Harris-Haller LW, Yokubaitis NT, Thomas RL, Hardin SH and Hall TC. 1995. 
Complete sequence of the binary vector Bin 19. Plant Molecular Biology 27: 405-409. 
Fuks F, Burgers WA, Brehm A, Hughes-Davies Land Kouzarides T. 2000. DNA 
methyltransferase Dnmt1 associates with histone deacetylase activity. Nature Genetics 24: 
88-91. 
Furner IJ, Sheikh MA and Collett CE. 1998. Gene silencing and homology-dependent 
gene silencing in Arabidopsis: genetic modifiers and DNA methylation. Genetics 149: 651-
662. 
Gamboa A, Paez-Valencia J, Francisca Acevedo G, Vazquez-Moreno Land Alvarez-
Buylla RE. 2001. Floral transcription factor AGAMOUS interacts in vitro with a leucine-rich 
repeat and an acid phosphatase protein complex. Biochemical and Biophysical Research 
Communications 288: 1018-1026. 
Gehrke CW, McCune RA, Gama-Sosa MA, Ehrlich M and Kuo KC. 1984. Quantitative 
reversed-phase high-performance liquid chromatography of major and modified 
nucleosides in DNA. Journal of Chromatography 301: 199-219. 
Gendall AR, Levy YY, Wilson A and Dean C. 2001. The VERNALIZA TION 2 gene 
mediates the epigenetic regulation of vernalization in Arabidopsis. Cell 107: 525-535. 
Gendrel A-V, Lippman Z, Yordan C, Colot V and Martienssen RA. 2002. Dependence of 
heterochromatic histone H3 methylation patterns on the Arabidopsis gene DDM1. Science 
297: 1871-1873. 
Genger RK. 2000. Cytosine methylation, methyltransferases and flowering time in 
Arabidopsis thaliana. PhD thesis , The Australian National University. 
Genger RK, Kovac KA, Dennis ES , Peacock WJ and Finnegan EJ . 1999. Multiple DNA 
methyltransferase genes in Arabidopsis thaliana. Plant Molecular Biology 41: 269-278. 
Genger RK, Peacock WJ , Dennis ES and Finnegan EJ. 2003. Opposing effects of reduced 
DNA methylation on flowering time in Arabidopsis thaliana. Planta 216: 461-466. 
Goodrich J, Puangsomlee P, Martin M, Long D, Meyerowitz EM and Coupland G. 1997. A 
Polycomb-group gene regulates homeotic gene expression in Arabidopsis. Nature 386: 
44-51. 
Gowher H, Leismann O and Jeltsch A. 2000. DNA of Drosophila melanogaster contains 5-
methylcytosine. The EMBO Journal 19: 6918-6923. 
165 
Graham IA and Martin T. 2000. Control of photosynthesis, allocation and partitioning by 
sugar regulated gene expression. In Leegood RC, Sharkey TD and von Caemmerer S 
(eds) Photosynthesis: Physiology and Metabolism, pp 233-248. Dordrecht, The 
Netherlands: Kluwer Academic Publishers. 
Grossniklaus U, Spillane C, Page AR and Kohler C. 2001. Genomic imprinting and seed 
development: endosperm formation with and without sex. Current Opinion in Plant Biology 
4: 21-27. 
Gruenbaum Y, Naveh-Many T, Cedar H and Razin A. 1981. Sequence specificity of 
methylation in higher plant DNA. Nature 292: 860-862. 
Hamilton A and Baulcombe DC. 1999. A species of small antisense RNA in 
posttranscriptional gene silencing in plants. Science 286: 950-952. 
Hammond SM, Bernstein E, Beach D and Hannon GJ. 2000. An RNA-directed nuclease 
mediates post-transcriptional gene silencing in Drosophila cells. Nature 404: 293-296. 
Hazebroek JP and Metzger JD. 1990. Thermoinductive regulation of gibberellin 
metabolism in Thlaspi arvense L. I. Metabolism of [2H]-ent-kaurenoic acid and [1 4C] 
gibberellin A1raldehyde. Plant Physiology 94: 157-165. 
He ZH, Dong HT, Dong JX, Li DB and Ronald, PC. 2000. The rice Rim2 transcript 
accumulates in response to Magnaporthe grisea and its predicted protein product shares 
similarity with TNP2-like proteins encoded by CACTA transposons. Molecular and General 
Genetics 264: 2-10. 
Helliwell CA, Chin-Atkins AN, Wilson IW, Chapple R, Dennis ES and Chaudhury A. The 
Arabidopsis AMP1 gene encodes a putative glutamate carboxypeptidase. The Plant Cell 
13: 2115-2125. 
Hendrich B and Bird A. 1998. Identification and characterization of a family of mammalian 
methyl-CpG binding proteins. Molecular and Cellular Biology 18: 6538-6547. 
Henikoff S and Comai L. 1998. A DNA methyltransferase homolog with a chromodomain 
exists in multiple polymorphic forms in Arabidopsis. Genetics 149: 307-318. 
Henikoff Sand Matzke MA. 1997. Exploring and explaining epigenetic effects. Trends in 
Genetics 13:293-295. 
Hepworth SR, Valverde F, Ravenscroft D, Mouradov A and Coupland G. 2002. 
Antagonistic regulation of flowering-time gene SOC1 by CON~TANS and FLC via 
separate promoter motifs. The EMBO Journal 21: 4327-4337. 
Hiraga S, Sasaki K, Ito H, Ohashi Y and Matsui H. 2001. A large family of class Ill plant 
peroxidases. Plant Cell Physiology 42: 462-468. 
Hirochika H, Okamoto H and Kakutani T. 2000. Silencing of retrotransposons in 
Arabidopsis and reactivation by the ddm1 mutation. The Plant Cell 12: 357-368. 
166 
Holliday R and Pugh JE. 1975. DNA modification mechanisms and gene activity during 
development. Science 187: 226-232. 
Howell CY, Bestor TH, Ding F, Latham K, Mertineit C, Trasler J and Chaillet JR. 2001. 
Genomic imprinting disrupted by a maternal effect mutation in the Dnmt1 gene. Cell 104: 
829-838. 
Hung MS, Karthikeyan N, Huang BL, Koo HC, Kiger J and Shen CKJ. 1999. Drosophila 
proteins related to vertebrate DNA (5-cytosine) methyltransferases. Proceedings of the 
National Academy of Sciences of the USA 96: 11940-11945. 
lngelbrecht I, van Houdt H, van Montagu Mand Depicker A. 1994. Posttranscriptional 
silencing of reporter transgenes in tobacco correlates with DNA methylation. Proceedings 
of the National Academy of Sciences of the USA 91: 10502-1056. 
lngrosso D, Fowler AV, Bleibaum F and Clarke S. 1989. Sequence of the D-aspartyl/L-
isoaspartyl protein methyltransferase from human erythrocytes. The Journal of Biological 
Chemistry 264: 20131-20139. 
Irish VF and Sussex IM. 1990. Function of the apetala-1 gene during Arabidopsis floral 
development. The Plant Cell 2: 7 41-753. 
Jackson JP, Lindroth AM, Cao X and Jacobsen SE. 2002. Control of CpNpG DNA 
methylation by the KRYPTONITE histone H3 methyltransferase. Nature 416: 556-560. 
Jacobsen SE, Binkowski KA and Olszewski NE. 1996. SPINDLY, a tetratricopeptide 
repeat protein in involved in gibberellin signal transduction in Arabidopsis. Proceedings of 
the National Academy of Sciences of the USA 93: 9292-9296. 
Jacobsen SE. 1999. Gene silencing: maintaining methylation patterns. Current Biology 
9:R617-R619. 
Jacobsen SE and Meyerowitz EM. 1997. Hypermethylated SUPERMAN epigenetic alleles 
in Arabidopsis. 277: 1100-1103. 
Jacobsen SE and Olszewski NE. 1993. Mutations at the SP/NOL Y locus of Arabidopsis 
alter gibberellin signal transduction. The Plant Ce// 5:887-896. 
Jacobsen SE, Sakai H, Finnegan EJ, Cao X and Meyerowitz EM. 2000. Ectopic 
hypermethylation of flower-specific genes in Arabidopsis. Current Biology 10: 179-186. 
Jahner D and Jaenisch R. 1985. Retrovirus-induced de nova methylation of flanking host 
sequences correlates with gene inactivity. Nature 315: 594-597. 
Jeddeloh JA, Bender J and Richards EJ. 1998. The DNA methylation locus DDM1 is 
required for maintenance of gene silencing in Arabidopsis. Genes and Development 12: 
1714-1725. 
Jeddeloh JA and Richards EJ. 1996. mccG methylation in angiosperms. The Plant Journal 
9: 579-586. 
167 
Jeddeloh JA, Stokes TL and Richards EJ. 1999. Maintenance of genomic methylation 
requires a SWl2/SNF2-like protein. Nature Genetics 22: 94-97. 
Jeltsch A. 1999. Circular permutations in the molecular evolution of DNA 
methyltransferases. Journal of Molecular Evolution 49: 161-164. 
Jofuku KO, den Boer BGW, Van Montagu M and Okamura JK. 1994. Control of 
Arabidopsis flower and seed development by the homeotic gene APETALA2. The Plant 
Ce//6: 1211-1225. 
Johanson U, West J, Lister C, Michaels S, Amasino Rand Dean C. 2000. Molecular 
analysis of FRIG/DA, a major determinant of natural variation in Arabidopsis flowering 
time. Science 290: 344-34 7. 
Johnston SD, Enomot E, Schneper L, McClellan MA, Twu F, Montgomery ND, Haney SA, 
Broach JR and Berman J. 2001. CAC3 (MS/1) suppression of RAS2819vis independent of 
chromatin assembly factor I and mediated by NPR1. Molecular and Cellular Biology 21: 
1784-1794. 
Jones L, Hamilton AJ, Voinnet 0, Thomas CL, Maule AJ and Baulcombe DC. 1999. RNA-
DNA interactions and DNA methylation in post-transcriptional gene silencing. The Plant 
Ce// 11: 2291-2301. 
Jones L, Ratcliff F and Baulcombe DC. 2001. RNA-directed transcriptional gene silencing 
in plants can be inherited independently of the RNA trigger and requires Met1 for 
maintenance. Current Biology 11: 747-757. 
Jones PA. 1985. Altering gene expression with 5-azacytidine. Ce// 40: 485-486. 
Jones PA and Takai D. 2001. The role of DNA methylation in mammalian epigenetics. 
Science 293: 1068-1070. 
Jones PL, Veenstra GJC, Wade PA, Vermaak D, Kass SU, Landsberger N, Strouboulis J 
and Wolffe AP. 1998. Methylated DNA and MeCP2 recruit histone deacetylase to repress 
transcription. Nature Genetics 19: 187-191. 
Jost JP, Fremont M, Siegmann Mand Hofsteenge J. 1997. The RNA moiety of chick 
embryo 5-methylcytosine-DNA glycosylase targets DNA demethylation. Nucleic Acids 
Research 25: 4545-4550. 
Jost JP and Saluz HP. 1993. DNA methylation; molecular biology and biological 
significance. Basel: Birkhauser. 
Jost JP, Siegmann M, Sun Land Leung R. 1995. Mechanisms of DNA demethylation in 
chicken embryos. The Journal of Biological Chemistry 270: 9734-9739. 
Kakutani T. 1997. Genetic characterization of late flowering traits induced by DNA 
hypomethylation mutation in Arabidopsis thaliana. The Plant Journal 12: 144 7-1451. 
168 
Kakutani T, Jeddeloh JA, Flowers SK, Munakata Kand Richards EJ. 1996. Developmental 
abnormalities and epimutations associated with DNA hypomethylation mutations. 
Proceedings of the National Academy of Sciences of the USA 93: 12406-12411. 
Kakutani T, Jeddeloh JA and Richards EJ. 1995. Characterization of an Arabidopsis 
thaliana DNA hypomethylation mutant. Nucleic Acids Research 23: 130-137. 
Kakutani T, Munakata K, Richards EJ and Hirochika H. 1999. Meiotically and mitotically 
stable inheritance of DNA hypomethylation induced by ddm1 mutation of Arabidopsis 
thaliana. Genetics 151: 831-838. 
Kania T, Russenberger D, Peng S, Apel Kand Melzer S. 1997. FPF1 promotes flowering 
in Arabidopsis. The Plant Cell 9: 1327-1338. 
Kardailsky I, Shukla VK, Ahn JH, Dagenais N, Christensen SK, Nguyen JT, Chory J, 
Harrison MJ and Weigel D. 1999. Activation tagging of the floral inducer FT. Science 286: 
1962-1965. 
Kelman Z and Hurwitz J, 1998. Protein-PCNA interactions: a DNA-scanning mechanism? 
Trends in Biochemical Sciences 23: 236-238. 
Kermicle JL and Alleman M. 1990. Gametic imprinting in maize in relation to the 
angiosperm life cycle. Development Supplement 1990: 9-14. 
Kessler C, Neumaier PS and Wolf W. 1985. Recognition sequences of restriction 
endonucleases and methylases - a review. Gene 33: 1-102. 
Kimura H, Ishihara G and Tajima S. 1996. Isolation and expression of a Xenopus laevis 
DNA methyltransferase cDNA. Journal of Biochemistry 120: 1182-1189. 
Kishimoto N, Sakai H, Jackson J, Jacobsen SE, Meyerowitz EM, Dennis ES and Finnegan 
EJ. 2001. Site specificity of the Arabidopsis METI DNA methyltransferase demonstrated 
through hypermethylation of the superman locus. Plant Molecular Biology 46: 171-183. 
Klimasauskas S, Kumar S, Roberts RJ and Cheng X. 1994. Hhal methyltransferase flips 
its target base out of the OMA helix. Ce// 76: 357-369. 
Klimasauskas S, Nelson JL and Roberts RJ. 1991. The sequence specificity domain of 
cytosine-CS methylases. Nucleic Acids Research 19: 6183-6190. 
Klimasauskas S, Szyperski T, Serva S and Wuthrich K. 1998. Dynamic modes of the 
flopped-out cytosine during Hhal methyltransferase-DNA interactions in solution. The 
EMBO Journal 17: 317-324. 
Knoepfler PS and Eisenman RN. 1999. Sin meets Nu RD and other tails of repression. Ce// 
99: 447-450. 
Kobayashi Y, Kaya H, Goto K, lwabuchi M and Araki T, 1999. A pair of related genes with 
antagonistic roles in mediating flowering signals. Science 286: 1960-1962. 
169 
Koornneef M, Alonso-Blanco C, Blankestijn-de Vries H, Hanhart CJ and Peeters AJM. 
1998b. Genetic interactions among late-flowering mutants of Arabidopsis. Genetics 148: 
885-892. 
Koornneef M, Alonso-Blanco C, Peeters AJM and Soppe W. 1998a. Genetic control of 
flowering time in Arabidopsis. Annual Review of Plant Physiology and Plant Molecular 
Biology 49: 345-370. 
Koornneef M, Blankestijn-de Vries H, Hanhart C, Soppe With and Peeters T. 1994. The 
phenotype of some late-flowering mutants is enhanced by a locus on chromosome 5 that 
is not effective in the Landsberg erecta wild-type. The Plant Journal 6: 911-919. 
Koornneef M, Elgersma A, van Loenen-Mertinet EP, van Rijn L and Zeevaart JAD. 1985. A 
gibberellin insensitive mutant of Arabidopsis thaliana. Physiologia Plantarum 65: 33-39. 
Koornneef M, Hanhart CJ and van der Veen JH. 1991. A genetic and physiological 
analysis of late flowering mutants in Arabidopsis thaliana. Molecular and General Genetics 
229: 57-66. 
Koornneef M and Peeters AJM. 1997. Floral transition mutants in Arabidopsis. Plant Cell 
and Environment 20: 779-784. 
Koornneef M, van Eden J, Hanhart CJ and de Jongh AMM. 1983. Genetic fine-structure of 
the GA-1 locus in the higher plant Arabidopsis thaliana (L.) Heynh. Mutation Research 93: 
109-123. 
Koornneef M and van der Veen JH. 1980. Induction and analysis of gibberellin sensitive 
mutants in Arabidopsis thaliana (L.) Heynh. Theoretical and Applied Genetics 58: 257-263. 
Kooter JM, Matzke MA and Meyer P. 1999. Listening to the silent genes: transgene 
silencing, gene regulation and pathogen control. Trends in Plant Sciences 4: 340-34 7. 
Kouzminova E and Selker EU. 2001. dim-2 encodes a DNA methyltransferase responsible 
for all known cytosine methylation in Neurospora. The EMBO Journal 20: 4309-4323. 
Kumar S, Cheng X, Klimasauskas S, Mi S, Posfai J, Roberts RJ and Wilson GG. 1994. 
The DNA (cytosine-5) methyltransferases. Nucleic Acids Research 22: 1-10. 
Lang A. 1965. Physiology of flower initiation. Encyclopedia of Plant Physiology. Ruhland W 
(ed) , Plant Physiology. 1489-1536. Berlin: Springer. 
Langridge J. 1957. Effect of day-length and gibberellic acid on the flowering of 
Arabidopsis. Nature 180: 36-37. 
Lee H, Suh S-S , Park E, Cho E, Ahn JH, Kim S-G, Lee JS , Kwon YM and Lee I. 2000. The 
AGAMOUS-LIKE 20 MADS domain protein integrates floral inductive pathways in 
Arabidopsis. Genes and Development 14: 2366-2376. 
Lee I and Amasino RM. 1995. Effect of vernalization , photoperiod , and light quality on the 
flowering phenotype of Arabidopsis plants containing the FRIG/DA gene. Plant Physiology 
108: 157-162. 
170 
Lee I, Aukerman MJ , Gore SL, Lohman KN , Michaels SD, Weaver LM, John MC, 
Feldmann KA and Amasino RM. 1994. Isolation of LUM/NIDEPENDENS: a gene involved 
in the control of flowering time in Arabidopsis. The Plant Cell 6: 75-83. 
Lee I, Bleecker A and Amasino R. 1993. Analysis of naturally occurring late flowering in 
Arabidopsis thaliana. Molecular and General Genetics 237: 171-176. 
Lee I, Michaels SD, Masshardt AS and Amasino RM. 1994. The late-flowering phenotype 
of FRIG/DA and mutations in LUMINIDEPENDENS is suppressed in the Landsberg erecta 
strain of Arabidopsis. The Plant Journal 6: 903-909. 
Lei H, Oh SP, Okano M, Juttermann R, Goss KA, Jaenisch Rand Li E. 1996. De nova 
DNA cytosine methyltransferase activities in mouse embryonic stem cells. Development 
122: 3195-3205. 
Leonhardt H, Page AW, Weier H-U and Bestor TH . 1992. A targeting sequence directs 
DNA methyltransferase to sites of DNA replication in mammalian nuclei . Ce// 71: 865-873. 
Leutwiler LS , Hough-Evans BR and Meyerowitz EM. 1984. The DNA of Arabidopsis 
thaliana . Molecular and General Genetics 194: 15-23. 
Levy YY and Dean C. 1998. The transition to flowering . The Plant Ce/110: 1973-1989. 
Levy YY, Mesnage S, Mylne JS , Gendall AR and Dean C. 2002. Multiple roles of 
Arabidopsis VRN1 in vernalization and flowering time control. Science 297: 243-246 . 
Lewin B. 1998. The mystique of epigenetics. Ce// 93 : 301-303. 
Lewis JD, Meehan RR, Henzel WJ , Maurer-Fogy I, Jeppesen P, Klein F and Bird A . 1992. 
Purification , sequence, and cellular localization of a novel chromosomal protein that binds 
to methylated DNA. Cell 69: 905-914. 
Li E, Beard C and Jaenisch R. 1993. Role for DNA methylation in genomic imprinting . 
Nature 366: 362-365. 
Li E, Bestor TH and Jaenisch R. 1992. Targeted mutation of the DNA methyltransferase 
gene results in embryonic lethality. Ce// 69 : 915-926. 
Lindroth AM , Cao X, Jackson JP . Zilberman D, McCallum CM , Hen ikoff Sand Jacobsen 
SE. 2001 . Requirement of CHROMOMETHYLASE3 for maintenance of CpXpG 
methylation . Science 292: 2077-2080. 
Liu Y, Oakeley EJ , Sun L and Jost J-P. 1998. Multiple domains are involved in the 
targeting of the mouse DNA methyltransferase to the DNA replication foci. Nucleic Acids 
Research 26: 1038-1045. 
Longemann J, Schell J, Willmitzer L. 1987. Improved method for the isolation of RNA from 
plant tissues. Analytical Biochemistry 163: 16-20. 
171 
Luff B, Pawlowski Land Bender J. 1999. An inverted repeat triggers cytosine methylation 
of identical sequences in Arabidopsis. Molecular Cell 3: 505-511. 
Luo M, Bilodeau P, Dennis ES, Peacock WJ and Chaudhury A. 2000. Expression and 
parent-of-origin effects for FIS2, MEA, and FIE in the endosperm and embryo of 
developing Arabidopsis seeds. Proceedings of the National Academy of Sciences of the 
USA 97: 10637-10642. 
Luo M, Bilodeau P, Koltunow A, Dennis ES, Peacock WJ and Chaudhury AM. 1999. 
Genes controlling fertilization-independent seed development in Arabidopsis thaliana. 
Proceedings of the National Academy of Sciences of the USA 96: 296-301. 
Lyko F. 2001. DNA methylation learns to fly. Trends in Genetics 17: 169-172. 
Lyko F, Ramsahoye BH and Jaenisch R. 2000. DNA methylation in Drosophila 
melanogaster. Nature 408: 538-540. 
Lyko F, Ramsahoye BH, Kashevsky H, Tudor M, Mastrangelo M, Orr-Weaver TL and 
Jaenisch R. 1999. Mammalian (cytosine-5) methyltransferases cause genomic DNA 
methylation and lethality in Drosophila. Nature Genetics 23: 363-366. 
McClung CR. 1997. Regulation of catalases in Arabidopsis. Free Radical Biological 
Medicine 23: 489-496. 
Macknight R, Bancroft I, Page T, Lister C, Schmidt R, Love K, Westphal L, Murphy G, 
Sherson S, Cobbett C and Dean C, 1997. FCA, a gene controlling flowering time in 
Arabidopsis, encodes a protein containing RNA-binding domains. Ce// 89: 737-745. 
Malagnac F, Gregoire A, Goyon C, Rossignol J-L and Faugeron G. 1999. Masc2, a gene 
from Ascobolus encoding a protein with a DNA-methyltransferase activity in vitro, Is 
dispensable for in vivo methylation. Molecular Microbiology 313: 331-338. 
Malagnac F, Wendel B, Goyon D, Faugeron G, Zickler D, Rossignol J-L, Noyer-Weidner 
M, Vollmayr P, Trautner TA and Walter J. 1997. A gene essential for de nova methylation 
and development in Ascobolus reveals a novel type of eukaryotic DNA methyltransferase 
structure. Ce// 91: 281-290. 
Mandel MA, Gustafson-Brown C, Savidge Band Yanofsky MF. 1992. Molecular 
characterization of the Arabidopsis floral homeotic gene APETALA 1. Nature 360: 273-277. 
Mandel MA and Yanofsky MF. 1995. A gene triggering flower formation in Arabidopsis. 
Nature 377: 522-524 
Martinez-Zapater JM, Coupland G, Dean C and Koornneef M. 1994. The transition to 
flowering in Arabidopsis. pp 403-434 in Meyerowitz EM and Somerville CR (eds). 
Arabidopsis. Cold Spring Harbor Laboratory Press, New York, USA. 
Martinez-Zapater JM, Estelle MA and Somerville CR. 1986. A highly repeated DNA 
sequence in Arabidopsis thaliana. Molecular and General Genetics 204: 417-423. 
172 
Martinez-Zapater JM and Somerville CR. 1990. Effect of light quality and vernalization on 
late-flowering mutants of Arabidopsis thaliana. Plant Physiology 92: 770-776. 
Matzke M and Matzke AJM. 1993. Genomic imprinting in plants: parental effects and 
trans-inactivation phenomena. Annual Review of Plant Physiology and Plant Molecular 
Biology 44: 53-76. 
Matzke M, Matzke AJM, Pruss GJ and Vance VB. 2001. RNA-based silencing strategies in 
plants. Current Opinion in Genetics and Development. 11: 221-227. 
Matzke MA, Primig M, Trnovsky J and Matzke AJM. 1989. Reversible methylation and 
inactivation of marker genes in sequentially transformed tobacco plants. The EMBO 
Journal 8: 643-649. 
Meehan RR, Lewis JD, McKay S, Kleiner EL and Bird AP. 1989. Identification of a 
mammalian protein that binds specifically to DNA containing methylated CpGs. Cell 58: 
499-507. 
Meier C, Bouquin T, Nielsen ME, Raventos D, Mattsson 0, Rocher A , Schomburg F, 
Amasino RM and Mundy J. 2001. Gibberellin response mutants identified by luciferase 
imaging. The Plant Journal 25: 509-519. 
Meinke OW, Cherry JM, Dean C, Rounsley SD and Koornneef, M. 1998. Arabidopsis 
thaliana: a model plant for genome analysis. Science 282: 662. 
Melquist S, Luff Band Bender J. 1999. Arabidopsis PAI gene arrangements, cytosine 
methylation and expression. Genetics 153: 401-413. 
Melzer S, Kampmann G, Chandler J and Apel K. 1999. FPF1 modulates the competence 
to flowering in Arabidopsis. The Plant Journal 18: 395-405. 
Mertineit C, Yoder JA, Taketa T, Laird OW, Trasler JM and Bestor TH. 1998. Sex-specific 
exons control DNA methyltransferase in mammalian germ cells . Development 125: 889-
897. 
Messeguer R, Gana! MW, Steffens JC and Tanksley SD. 1991 . Characterization of the 
level, target sites and inheritance of cytosine methylation in tomato nuclear DNA. Plant 
Molecular Biology 16:753-770. 
Mette MF, Aufsatz W, van der Winden J, Matzke MA and Matzke AJM. 2000. 
Transcriptional silencing and promoter methylation triggered by double-stranded RNA. The 
EMBO Journal 19: 5194-5201. 
Mette MF, van der Winden J, Matzke MA and Matzke AJM. 1999. Production of aberrant 
promote transcripts contributes to methylation and silencing of unlinked homologous 
promoters in trans. The EMBO Journal 18: 241-248. 
Meyer P, Heidmann I and Niedenhof I. 1993. Differences in DNA methylation are 
associated with a paramutation phenomenon in transgenic petunia. The Plant Journal 4: 
89-100. 
173 
Meyer P, Niedenhof I and ten Lohuis M. 1994. Evidence for cytosine methylation of non-
symmetrical sequences in transgenic Petunia hybrida. The EMBO Journal 13: 2084-2088. 
Meyer P and Saedler H. 1996. Homology-dependent gene silencing in plants. Annual 
Review of Plant Physiology and Plant Molecular Biology 4 7: 23-48. 
Michaels SD and Amasino RM. 1999a. FLOWERING LOCUS C encodes a novel MADS 
domain protein that acts as a repressor of flowering. The Plant Ce// 11: 949-956. 
Michaels SD and Amasino RM. 1999b. The gibberellic acid biosynthesis mutant ga1-3 of 
Arabidopsis thaliana is responsive to vernalization. Developmental Genetics 25: 194-198. 
Michaels SD and Amasino RM. 2001. Loss of FLOWERING LOCUS C activity eliminates 
the late-flowering phenotype of FRIG/DA and autonomous pathway mutations but not 
responsiveness to vernalization. The Plant Ce// 13: 935-941. 
Michaels SD, Ditta G, Gustafson-Brown C, Pelaz S, Yanofsky M and Amasino RM. 2003. 
AGL24 acts as a promoter of flowering in Arabidopsis and is positively regulated by 
vernalization. The Plant Journal 33: 867-87 4. 
Michaud E, van Vugt M, Bultman S, Sweet H, Davisson Mand Woychik R. 1994. 
Differential expression of a new dominant agouti allele (A;apy) is correlated with methylation 
state and is influenced by parental lineage. Genes and Development 8: 1463-1472. 
Mino M, Oka M, Tasaka Y and lwabuchi M. 2003. Thermoinduction of genes encoding the 
enzymes of gibberellin biosynthesis and a putative negative regulator of gibberellin signal 
transduction in Eustoma grandiflorum. Plant Cell Reports 22: 159-165. 
Mittelsten Scheid O and Paszkowski J. 2000. Transcriptional gene silencing mutants. Plant 
Molecular Biology 43: 235-241. 
Miura A, Yonebayashi S, Watanabe K, Toyama T, Shimada H and Kakutani T. 2001. 
Mobilization of transposons by a mutation abolishing full DNA methylation in Arabidopsis. 
Nature 411: 212-214. 
Moon J, Suh S-S, Lee H, Choi K-R, Hong CB, Paek N-C. Kim S-G and Lee I. 2003. The 
SOC1 MADS-box gene integrates vernalisation and gibberellin signals for flowering in 
Arabidopsis. The Plant Journal 35: 613-623. 
Morel J-B, Mourrain P, Beclin C and Vaucheret H. 2000. DNA methylation and chromatin 
structure affect transcriptional and post-transcriptional transgene silencing in Arabidopsis. 
Current Biology 10: 1591-1594. 
Mourrain P, Beclin C, Elmayan T, Feuerbach F, Godon C, Morel J-B, Jouette D, Lacombe 
A-M, Nikic S, Picault N, Remoue K, Sanial M, Vo T-A and Vaucheret H. 2000. Arabidopsis 
SGS2 and SGS3 genes are required for posttranscriptional gene silencing and natural 
virus resistance. Ce// 1010: 533-542. 
Murashige T and Skoog F. 1962. A revised medium for rapid growth and bioassays with 
tobacco tissue cultures. Physiologia Plantarum 15: 473-497. 
174 
Muskens MWM, Vissers APA, Mal JNM and Kooter JM. 2000. Role of inverted DNA 
repeats in transcriptional and post-transcriptional gene silencing. Plant Molecular Biology 
43: 243-260. 
Nakano Y, Steward N, Sekine M, Kusano Rand Sano H. 2000. A tobacco NtMET1 cDNA 
encoding a DNA methyltransferase: molecular characterization and abnormal phenotypes 
of transgenic tobacco plants. Plant and Cell Physiology 41: 448-457. 
Nan X, Ng H-H, Johnson CA, Laherty CD, Turner BM, Eisenman RN and Bird A. 1998. 
Transcriptional repression by the methyl-CpG-binding protein MeCP2 involves a histone 
deacetylase complex. Nature 393: 386-389. 
Napoli C, Lemieux C and Jorgensen R. 1990. Introduction of a chimeric chalcone synthase 
gene into petunia results in reversible co-suppression of homologous genes in trans. The 
Plant Cell 2: 279-289. 
Napp-Zinn K. 1985. Arabidopsis thaliana. pp 492-503 in Halevy AH (ed). Handbook of 
flowering, Vol 1. CRC Press, Boca Raton, Florida. 
Nelson M and McClelland M. 1991. Site-specific methylation: effect on DNA modification 
methyltransferases and restriction endonucleases. Nucleic Acids Research 19 (Suppl.): 
2045-2071. 
Nessler CL and Burnett RJ. 1992. Organisation of the major latex protein gene family in 
opium poppy. Plant Molecular Biology 20: 7 49-752. 
Ng H-H and Bird A. 1999. DNA methylation and chromatin modification. Current Opinion in 
Genetics and Development. 9: 158-163. 
Ng H-H, Zhang Y, Hendrich B, Johnson CA, Turner BM, Erdjument-Bromage H, Tempst P, 
Reinberg D and Bird A. 1999. MBD2 is a transcriptional repressor belonging to the MeCP1 
histone deacetylase complex. Nature Genetics 23: 58-61. 
Nilsson 0, Lee I, Blazquez MA and Weigel D. 1998. Flowering-time genes modulate the 
response to LEAFY activity. Genetics 150: 403-410. 
Noyer-Weidner M and Trautner TA. 1993. Methylation of DNA in prokaryotes. In Jost JP 
and Saluz FP (eds) DNA methylation: molecular biology and biological significance. Basel: 
Birkhauser Verlag. 
Oakely EJ and Jost J-P. 1996. Non-symmetrical cytosine methylation in tobacco pollen 
DNA. Plant Molecular Biology 31: 927-930. 
Ohta N, Sato N, Kawano S and Kuroiwa R. 1991. Methylation of DNA in the chloroplasts 
and amyloplasts of the pea, Pisum sativum. Plant Science 78: 33-42. 
Okano M, Dell OW, Haber DA and Li E. 1999. DNA methyltransferases Dnmt3a and 
Dnmt3b are essential for de nova methylation and mammalian development. Ce// 99: 247-
257. 
175 
Okano M, Xie S and Li E. 1998a. Dnmt2 is not required for de nova and maintenance 
methylation of viral DNA in embryonic stem cells. Nucleic Acids Research 26: 2536-2540. 
Okano M, Xie S and Li E. 1998b. Cloning and characterization of a family of novel 
mammalian DNA (cytosine-5) methyltransferases. Nature Genetics 19: 219-220. 
Onouchi H, lgeno Ml, Perilleux C, Graves Kand Coupland G. 2000. Mutagenesis of plants 
overexpressing Constans demonstrates novel interactions among Arabidopsis flowering-
time genes. The Plant Ce// 12: 885-900. 
Page T, Macknight R, Yang C-H and Dean C. 1999. Genetic interactions of the 
Arabidopsis flowering time gene FCA, with genes regulating floral initiation. The Plant 
Journal 17: 231-239. 
Paiva NL. 2000. An introduction to the biosynthesis of chemicals used in plant-microbe 
communication. Journal of Plant Growth Regulation 19: 131-143. 
Palauqui JC, Elmayan T, Pollien J-M and Vaucheret H. 1997. Systemic acquired silencing: 
transgene-specific post-transcriptional silencing is transmitted by grafting from silenced 
stocks to non-silenced scions. The EMBO Journal 16: 4738-4745. 
Palmgren G, Mattson O and Okkels FT. 1991. Specific levels of DNA methylation in 
various tissues, cell lines, and cell types of Daucus carota. Plant Physiology 95: 174-178. 
Panning 8 and Jaenisch R. 1996. DNA hypomethylation can activate Xist expression and 
silence X-linked genes. Genes and Development 10: 1991-2002. 
Papa CM, Springer NM, Muszynski MG, Meeley R and Kaeppler SM. 2001. Maize 
chromomethylase Zea methyltransferase 2 is required for CpNpG methylation. The Plant 
Ce// 13: 1919-1928. 
Park DH, Somers, Kim YS, Choy YH, Lim HK, Soh MS, Kim HJ, Kay SA and Nam HG. 
1999. Control of circadian rhythms and photoperiodic flowering by the Arabidopsis 
GIGANTEA gene. Science 285: 1579-1582. 
Park Y and Kuroda Ml. 2001. Epigenetic aspects of X-chromosome dosage compensation. 
Science 293: 1083-1085. 
Park Y-D, Papp I, Moscone EA, Iglesias VA, Vaucheret H, Matzke AJM and Matzke MA. 
1996. Gene silencing mediated by promoter homology occurs at the level of transcription 
and results in meiotically heritable alterations in methylation and gene activity. Plant 
Journal 9: 183-194. 
Pelissier T, Thalmeir S, Kempe D, Danger H-L and Wassenegger M. 1999. Heavy de nova 
methylation at symmetrical and non-symmetrical sites is a hallmark of RNA-directed DNA 
methylation. Nucleic Acids Research 27: 1625-1634. 
Peng J, Carol P, Richards DE, King KE, Cowling RJ , Murphy GP and Harberd NP. 1997. 
The Arabidopsis GAi gene defines a signalling pathway that negatively regulates 
gibberellin responses. Genes and Development 11: 3194-3205. 
176 
Peterson CL and Tamkun JW. 1995. The SWI-SNF complex: a chromatin remodelling 
machine? Trends in Biological Sciences 20: 143-146. 
Pfiefer Kand Tilghman SM. 1994. Allele-specific gene expression in mammals: the curious 
case of the imprinted RNAs. Genes and Development 8: 1867-1874. 
Pharis RP and King RW. 1985. Gibberellins and reproductive development in seed plants. 
Annual Review of Plant Physiology 36: 517-568. 
Phillips AL. 1998. Gibberellins in Arabidopsis. Plant Physiology and Biochemistry. 
36 ( 1-2): 11 5-12 4. 
Pikaard CS. 2000. Nucleolar dominance: uniparental gene silencing on a multi-megabase 
scale in genetic hybrids. Plant Molecular Biology 43: 163-177. 
Pinabarsi E, Elliott J and Hornby DP. 1996. Activation of a yeast pseudo DNA 
methyltransferase by deletion of a single amino acid. Journal of Molecular Biology 257: 
804-813. 
Pirrotta V. 1998. Polycombing the genome: PcG, TrxG, and chromatin silencing. Ce// 93: 
333-336. 
Posfai J, Bhagwat AS, Posfai G and Roberts RJ. 1989. Predictive motifs derived from 
cytosine methyltransferases. Nucleic Acids Research 17: 2421-2435. 
Pradhan Sand Adams RLP. 1995. Distinct CG and CNG DNA methyltransferases in 
Pisum sativum. The Plant Journal 7: 471-481. 
Pradhan S, Cummings M, Roberts RJ and Adams RLP. 1998. Isolation, characterization 
and baculovirus-mediated expression of the cDNA encoding cytosine DNA 
methyltransferase from Pisum sativum. Nucleic Acids Research 26: 1214-1222. 
Preis F and Meyer P. 1992. The methylation patterns of chromosomal integration regions 
influence gene activity of transferred DNA in Petunia hybrida. The Plant Journal 2: 465-
475. 
Putterill J, Robson F, Lee K, Simon Rand Coupland G. 1995. The CONSTANS gene of 
Arabidopsis promotes flowering and encodes a protein showing similarities to zinc finger 
transcription factors. Ce// 80: 84 7-857. 
Qu G-Z and Ehrlich M. 1999. Demethylation and expression of methylated plasmid DNA 
stably transfected into HeLa cells. Nucleic Acids Research 27: 2332-2338. 
Rabinowicz PD, Schutz K, Dedhia N, Yordan C, Parnell LO, Stein L, Mccombie WT and 
Martienssen RA. 1999. Differential methylation of genes and retrotransposons facilitates 
shotgun sequencing of the maize genome. Nature Genetics 23: 305-308 
Ramchandani S, Bhattacharya SK, Cervoni N and Szyf M. 1999. DNA methylation is a 
reversible biological signal. Proceedings of the National Academy of Sciences of the USA 
96: 6107-6112. 
177 
Ramsahoye BH, Biniszkiewicz D, Lyko F, Clark V, Bird AP and Jaenisch R. 2000. Non-
CpG methylation is prevalent in embryonic stem cells and may be mediated by DNA 
methyltransferase 3a. Proceedings of the National Academy of Sciences of the USA 97: 
5237-5242. 
Ratcliff F, Harrison Band Baulcombe D. 1997. A similarity between viral defense and gene 
silencing in plants. Science 276: 1558-1560. 
Ratcliffe OJ, Bradley DJ and Coen ES. 1999. Separation of shoot and floral identity in 
Arabidopsis. Development 126: 1109-1120. · 
Razin A and Cedar H. 1993. DNA methylation and embryogenesis. In Jost JP and Saluz 
HP (eds) DNA methylation: molecular biology and biological significance. Basel: 
Birkhauser Verlag. 
Razin A and Riggs AD. 1980. DNA methylation and gene function. Science 210: 604-610. 
Redei GP. 1962. Supervital mutants of Arabidopsis. Genetics 47:443-460. 
Reeves PH and Coupland G. 2000. Response of plant development to environment: 
control of flowering by daylength and temperature. Current Opinion in Plant Biology. 3: 37-
42. 
Reuter G and Spierer P. 1992. Position effect variegation and chromatin proteins. 
BioEssays 14: 605-612. 
Rhee I, Bachman KE, Ho Park B, Jair K-W, Chiu Yen R-W, Schuebel KE, Cui K, Feinberg 
AP, Lengauer C, Kinzler KW, Baylin SB and Vogelstein B. 2002. DNMT1 and DNMT3b 
cooperate to silence genes in human cancer cells. Nature 416: 552-556. 
Riddle NC and Richards EJ. 2002. The control of natural variation in cytosine methylation 
in Arabidopsis. Genetics 162: 355-363. 
Robson F, Costa MMR, Hepworth SR, Vizir I, Pineiro M, Reeves PH, Putterill J and 
Coupland G. 2001. Functional importance of conserved domains in the flowering-time 
gene CONSTANS demonstrated by analysis of mutant alleles and transgenic plants. The 
Plant Journal 28: 619-631. 
Roldan M, Gomez-Mena C, Ruiz-Garcia L, Salinas J and Martinez-Zapater JM. 1999. 
Sucrose availability on the aerial part of the plant promotes morphogenesis and flowering 
of Arabidopsis in the dark. The Plant Journal 20: 581-590. 
Ronemus MJ , Ga.Lbiati M, Ticknor C, Chen J and Dellaporta SL. 1996. Demethylation-
induced pleiotropy in Arabidopsis. Science 273: 654-657. 
Rose TM, Schultz ER, Henikoff JG, Pietrokovski S, McCallum CM and Henikoff S. 1998. 
Consensus-degenerate hybrid oligonucleotide primers for amplification of distantly related 
sequence. Nucleic Acids Research 26: 1628-1635. 
Ross JJ, Murfet IC and Reid JB. 1997. Gibberellin mutants. Physiologia Plantarum 100: 
550-560. 
178 
Rossignol JL and Faugeron G. 1994. Gene inactivation triggered by recognition between 
DNA repeats. Experientia 50: 307-317. 
Rountree MR and Selker EU. 1997. DNA methylation inhibits elongation but not initiation 
of transcription in Neurospora crassa. Genes and Development 11: 2383-2395. 
Rouse OT, Sheldon CC, Bagnall DJ, Peacock WJ and Dennis ES. 2002. FLC, a repressor 
of flowering, is regulated by genes in different inductive pathways. The Plant Journal 29: 
183-191. 
Ruiz-Garcia L, Madueno F, Wilkinson M, Haughn G, Salinas J and Martinez-Zapater JM. 
1997. Different roles of flowering-time genes in the activation of floral initiation genes in 
Arabidopsis. The Plant Cell 9: 1921-1934. 
Samach A, Onouchi H, Gold SE, Ditta GS, Scharwz-Sommer Z, Yanofsky MF and 
Coupland G. 2000. Distinct roles of Constans target genes in reproductive development of 
Arabidopsis. Science 288: 1613-1616. 
Sambrook J, Fritsch EF and Maniatis T. 1989. Molecular Cloning: A Laboratory Manual. 
Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press. 
Sanda SL and Amasino RM. 1995. Genetic and physiological analysis of flowering time in 
the C24 line of Arabidopsis thaliana. Weeds World 2: 2-8. 
Sanda SL and Amasino RM. 1996. Interaction of FLC and late-flowering mutations in 
Arabidopsis thaliana. Molecular and General Genetics 251: 69-74. 
Sarnowski T J, Swiezewski S, Pawlikowska K, Kaczanowski S and Jerzmanowski A. 2002. 
AtSWl3B, an Arabidopsis homolog of SWl3, a core subunit of yeast SWI/SNF chromatin 
remodeling complex, interacts with FCA, a regulator of flowering time. Nucleic Acids 
Research 30: 3412-3421 . 
Saze H, Mittelsten Scheid O and Paszkowski J. 2003. Maintenance of CpG methylation is 
essential for epigenetic inheritance during plant gametogenesis. Nature Genetics 34: 65-
69. 
Schenk PM, Kazan K, Wilson I, Anderson JP, Richmond T, Somerville SC and Manners 
JM. 2000. Coordinated plant defense responses in Arabidopsis revealed by microarray 
analysis. Proceedings of the National Academy of Sciences of the USA 97: 11655-11660. 
Schlappi M. 2001. RNA levels and activity of FLOWERING LOCUS Care modified in 
mixed genetic backgrounds of Arabidopsis thaliana. International Journal of Plant Science 
162: 527-537. 
Schomburg FM, Patton DA, Meinke OW and Amasino RM. 2001._ FPA, a gene involved in 
floral induction in Arabidopsis, encodes a protein containing RNA-recognition motifs. The 
Plant Ce// 13: 1427-1436. 
Schwabe, WW. 1954. Factors controlling flowering in the Chrysanthemum IV. The site of 
vernalization and translocation of the stimulus. Journal of Experimental Botany 5: 389-400. 
179 
Schwartz D and Dennis E. 1986. Transposase activity of the Ac controlling element in 
maize is regulated by its degree of methylation. Molecular and General Genetics 205: 476-
482. 
Scott RJ, Spielman M, Bailey J and Dickinson HG. 1998. Parent of origin effects on seed 
development in Arabidopsis thaliana. Development 125: 3329-3341. 
Selker EU. 1997. Epigenetic phenomena in filamentous fungi: useful paradigms or repeat-
induced confusion? Trends in Genetics 13: 296-301. 
Selker EU. 1998. Trichostatin A causes selective loss of DNA methylation in Neurospora. 
Proceedings of the National Academy of Sciences of the USA 95: 9430-9435. 
Selker EU. 1999. Gene silencing: repeats that count. Ce// 97: 157-160. 
Shannon S and Meeks-Wagner DR. 1993. Genetic interactions that regulate inflorescence 
development in Arabidopsis. The Plant Cell 5: 639-655. 
Sheldon CC, Burn JE, Perez PP, Metzger J, Edwards JA, Peacock WJ and Dennis ES. 
1999. The FLF MADS box gene: a repressor of flowering in Arabidopsis regulated by 
vernalization and methylation. The Plant Cell 11: 445-458. 
Sheldon CC, Rouse OT, Finnegan EJ, Peacock WJ and Dennis ES. 2000. The molecular 
basis of vernalization: the central role of Flowering Locus C (FLC). Proceedings of the 
National Academy of Sciences of the USA 97: 3753-3758. 
Sijen T, Vijn I, Rebocho A, van Blokland R, Roelofs D, Mal JNM and Kooter JM. 2001. 
Transcriptional and posttranscriptional gene silencing are mechanistically related. Current 
Biology 11 : 436-440. 
Silverstone AL, Mak PYA, Casamitjana Martinez E and Sun T-P. 1997. The new RGA 
locus encodes a negative regulator of gibberellin response in Arabidopsis thaliana. 
Genetics 146: 1087-1099. 
Silverstone AL, Ciampaglio CN and Sun T. 1998. The Arabidopsis RGA gene encodes a 
transcriptional regulator repressing the gibberellin signal transduction pathway. The Plant 
Cell 10: 155-169. 
Simkova H. 1998. Methylation of mitochondrial DNA in carrot (Daucus carota L.). Plant 
Cell Reports 17: 220-224. 
Simon J. 1995. Locking in stable states of gene expression: transcriptional control during 
Drosophila development. Current Opinion in Cell Biology 7: 376-385. 
Simon Rand Coupland G. 1996. Arabidopsis genes that regulate flowering time in 
response to day-length. Seminars in Cell and Developmental Biology 7: 419-425. 
Simon R, lgeno Ml and Coupland G. 1996. Activation of floral meristem identity genes in 
Arabidopsis. Nature 384: 59-62 
180 
Simpson GG, Gendall AR and Dean C. 1999. When to switch to flowering. Annual Review 
of Cell and Developmental Biology. 99: 519-550. 
Singer T, Yordan C and Martienssen RA. 2001. Robertson's Mutatortransposons in A. 
thaliana are regulated by the chromatin-remodelling gene Decrease in DNA Methylation 
(DDM1 ). Genes and Development 15: 591-602. 
Smeekens S. 2000. Sugar-induced signal transduction in plants. Annual Review of Plant 
Physiology and Plant Molecular Biology 51 : 49-81. 
Smith SS. 1998. Stalling of DNA methyltransferase in chromosome stability and 
chromosome remodelling. International Journal of Molecular Medicine 1: 14 7-156. 
Snedecor GW and Cochran WG. 1967. Statsitical Methods, 6th edition. The Iowa State 
University Press. Ames, Iowa, USA. 
Somanchi A and Mayfield SP. 1999. Nuclear-chloroplast signaling. Current Opinion in 
Plant Biology 2: 404-409. 
Soppe WJJ, Jacobsen SE, Alonso-Blanco C, Jackson JP, Kakutani T, Koornneef Mand 
Peeters AJM. 2000. The late flowering phenotype of fwa mutants is caused by gain-of-
function epigenetic alleles of a homeodomain gene. Molecular Cell, 6: 791-802. 
Soppe WJJ, Jasencakova Z, Houben A, Kakutani T, Meister A, Huang MS, Jacobsen SE, 
Schubert I and Fransz PF. 2002. DNA methylation controls histone H3 lysine 9 methylation 
and heterochromatin assembly in Arabidopsis. The EMBO Journal 21: 6549-6559. 
Stougaard J. 2000. Regulators and regulation of legume root nodule development. Plant 
Physiology 124: 531-540. 
Strahl BO and Allis CD. 2000. The language of covalent histone modifications. Nature 403: 
41-45. 
Struhl K. 1998. Histone acetylation and transcriptional regulatory mechanisms. Genes and 
Development 12: 599-606. 
Sudarsanan P and Winston F. 2000. The SWI/SNF family nucleosome-remodelling 
complexes and transcriptional control. Trends in Genetics 16: 345-351. 
Suge H. 1970. Changes of endogenous gibberellins in vernalized radish plants. Plant Cell 
Physiology 11: 729-735. 
Sun, T. 2000. Gibberellin signal transduction. Current Opinion in Plant Biology 3: 37 4-380. 
Sun T and Kamiya Y. 1994. The Arabidopsis GA 1 locus encodes the cyclase ent-kaurene 
synthetase A of gibberellin biosynthesis. The Plant Cell 6: 1509-1518. 
Sung ZR, Belachew A, Shunong B and Bertrand-Garcia R. 1992. EMF, an Arabidopsis 
gene required for vegetative shoot development. Science 258: 1645-1647. 
181 
Taiz Land Zeiger E (eds). 1991. Plant Physiology. Benjamin/Cummings Publishing 
Company, Inc., California. 
Tajima S, Tsuda H, Wakabayashi N, Asano A, Mizuno S and Nishimori K. 1995. Isolation 
and expression of a chicken DNA methyltransferase cDNA. Journal of Biochemistry 117: 
1050-1057. 
Tamaru Hand Selker EU. 2001. A histone H3 methyltransferase controls DNA methylation 
in Neurospora crassa. Nature 414: 277-283. 
Tatematsu K-I,Yamazaki T and Ishikawa F. 2000. MBD2-MBD3 complex binds to hemi-
methylated DNA and forms a complex containing DNMT1 at the replication foci in late S 
phase. Genes to Cells 5: 677-688. 
The Arabidopsis Genome Initiative. 2000. Analysis of the genome sequence of the 
flowering plant Arabidopsis thaliana. Nature 408: 796-815. 
Theiss G, Schleicher R, Schimpff-Weiland G and Follmann H. 1987. DNA methylation in 
wheat: purification and properties of DNA methyltransferase. European Journal of 
Biochemistry 167: 89-96. 
Thomas AJ and Sherratt HAS. 1956. The isolation of nucleic acid fractions from plant 
leaves and their purine and pyrimidine composition. Biochemical Journal 62: 1-4. 
Thornton TM, Swain SM and Olszewski NE. 1999. Gibberellin signal transduction 
presents ... the SPY who O-GlcNac'd me. Trends in Plant Science 4: 424-428. 
Tian Land Chen ZJ. 2001. Blocking histone deacetylation in Arabidopsis induces 
pleiotropic effects on plant gene regulation and development. Proceedings of the National 
Academy of Sciences of the USA 98: 200-205. 
Tobin EM and Silverthorne J, 1985. Light regulation of gene expression in higher plants. 
Annual Review of Plant Physiology 36: 569-593. 
Tollefsbol TO and Hutchison CA. 1998. Analysis in Escherichia coli of the effects of in vivo 
CpG methylation catalyzed by the cloned murine maintenance methyltransferase. 
Biochemical and Biophysical Research Communications 245: 670-678. 
Tompa R, McCallum CM, Delrow J, Henikoff JG, van Steensel Band Henikoff S. 2002. 
Genome-wide profiling of DNA methylation reveals transposon targets of 
CHROMOMETHYLASE3. Current Biology 12: 65-68. 
Trautner TA, Balganesh TS and Pawlek B. 1988. Chimeric multispecific DNA 
methyltransferases with novel combinations of target recognition . Nucleic Acids Research 
16: 6649-6658. 
Tucker KL, Beard C, Dausman J, Jackson-Grusby L, Laird PW, Lei H, Li E and Jaenisch 
R. 1996. Germ-line passage is required for establishment of methylation and expression 
patterns of imprinted but not of nonimprinted genes. Genes and Development 10: 1008-
1020. 
182 
Urieli-Shoval S, Gruenbaum Y, Sedat J and Razin A. 1982. The absence of detectable 
methylated bases in Drosophila melanogaster DNA. FEBS Letters 146: 148-152. 
Utsugi S, Sakamoto W, Murata M and Motoyoshi F. 1998. Arabidopsis thaliana vegetative 
storage protein (VSP) genes: gene organization and tissue-specific expression. Plant 
Molecular Biology 38: 565-576. 
Vaucheret H. 1993. Identification of a general silencer for 19S and 35S promoters in a 
transgenic tobacco plant: 90 bp of homology in the promoter sequence are sufficient for 
trans-inactivation. C.R. Academy of Science Paris, Life Sciences 316: 1471-1483. 
Vielle-Calzada J-P, Thomas J, Spillane C, Coluccio A, Hoeppner MA and Grossniklaus U. 
1999. Maintenance of genomic imprinting at the Arabidopsis medea locus requires zygotic 
DDM1 activity. Genes and Development 13: 2971-2982. 
Vinkenoog R, Spielman M, Adams S, Fischer RL, Dickinson HG and Scott RJ. 2000. 
Hypomethylation promotes autonomous endosperm development and r~scues 
postfertilization lethality in fie mutants. The Plant Ce// 12: 2271-2282. 
Voinnet 0, Vain P, Angell Sand Baulcombe, DC. 1998. Systemic spread of sequence-
specific transgene RNA degradation in plants is initiated by localized introduction of 
ectopic promoterless DNA. Ce// 95: 177-187. 
Volpe RA, Kidner C, Hall IM, Teng G, Grewal SIS and Martienssen RA. 2002. Regulation 
of heterochromatic silencing and histone H3 lysine-9 methylation by RNAi. Science 297: 
1833-1837. 
Vongs A, Kakutani T, Martienssen RA and Richards EJ. 1993. Arabidopsis thaliana DNA 
methylation mutants. Science 260: 1926-1928. 
Wade PA, Gegonne A, Jones PL, Ballestar E, Aubry F and Wolffe AP. 1999. Mi-2 complex 
couples DNA methylation to chromatin remodelling and histone deacetylation. Nature 
Genetics 23: 62-66. 
Wang M-8, Wesley V, Finnegan EJ, Smith NA and Waterhouse PM. 2001. Replicating 
satellite RNA induces sequence-specific DNA methylation and truncated transcripts in 
plants. RNA 7: 16-28. 
Wassenegger M. 2000. RNA-directed DNA methylation. Plant Molecular Biology 43: 203-
220. 
Wassenegger M, Heimes S, Riedel Land Sanger HL. 1994. RNA-directed de nova 
methylation of genomic sequences in plants. Ce// 76: 567-576. 
Wassenegger M and Pelissier T. 1998. A model for RNA-mediated gene silencing in 
higher plants. Plant Molecular Biology 37: 349-362. 
Waterhouse PM, Graham MW and Wang M-8. 1998. Virus resistance and gene silencing 
in plants can be induced by simultaneous expression of sense and antisense RNA. 
Proceedings of the National Academy of Sciences USA 95: 13959-13964. 
183 
Waterhouse PM , Smith NA and Wang M-B. 1999. Virus resistance and gene silencing : 
killing the messenger. Trends in Plant Sciences 4: 452-457. 
Waterhouse PM , Wang M-B and Lough T. 2001. Gene silencing as an adaptive defence 
against viruses. Nature 411: 834-842. 
Waugh O'Neill RJ , O'Neill MJ and Marshall Grave JA. 1998. Undermethylation associated 
with retroelement activation and chromosome remodelling in an interspecific mammalian 
hybrid . Nature 393: 68-72. 
Weigel D, Alvarez J, Smyth DR, Yanofsky MF and Meyerowitz EM. 1992. LEAFY controls 
floral meristem identity in Arabidopsis. Ce// 69: 843-859. 
Weigel D and Meyerowitz EM. 1994. The ABCs of floral homeotic genes. Ce// 78: 203-209. 
Weiss A , Keshet I, Razin A and Cedar H. 1996. DNA demethylation in vitro : involvement of 
RNA. Ce// 86: 709-718. 
Wellensiek SJ. 1964. Dividing cells as the prerequisite for vernalization . Plant Physiology 
39: 832-835. 
Wilke K, Rauhut E, Noyer-Weidner M, Lauster R, and Pawlek B. 1988. Sequential order of 
target-recognizing domains in multispecific DNA methyltransferases. The EMBO Journal 7: 
2601-2609. 
Wilkinson CR, Bartlett R, Nurse O and Bird AP. 1995. The fission yeast gene pmt1 + 
encodes a DNA methyltransferase homologue. Nucleic Acids Research 23: 203-210. 
Wi lkosz Rand Schlappi M. 2000. A g.ene expression screen identifies EARLl1 as a novel 
vernalization-responsive 9ene in Arabidopsis thaliana. Plant Molecular Biology 44: 777-
787. 
W ilson Dl , Buckley M1J, Hell iwell CA and Wilson IW. 2003 . New normalization methods for 
cDNA microarray data. Bioinformatics 19: 1325-1332. 
Wilson RN, Heckman JW and Somervi lle CR. 1992. Glbberellin is required for flowering in 
Arabidopsis thaliana under short days. Plant Physiology 100: 403-408 . 
Wolffe AP, J1 ones Pl and Wade PA. 1999. DNA demethylation. Proceedings of the 
National Academy of Sciences of the USA 96: 5894-5896. 
Wright DA and Voytas OF. 2001. Ath1/a4 of Arabidopsis and Calypso of soybean define a 
lineage of endogenous plant retroviruses. Genome Research 12: 122-131. 
Wu JC and Santi DV. 1987. Kinetic and cata[:ytic mechan ism of Hha l methyltransferase. 
The Journal of Biological Chemistry 262: 4778-4786. 
Wu S, Ramonell K, Gol!ub J and Somerville D. 2001. Plant gene expression profili ng with 
DNA microarrays. Plant Physiology and Biochemistry 39 : 917-926. 
184 
.-------------------------- -
Wyszynski MW, Gabbara Sand Bhagwat AS. 1991. Substitutions of a cysteine conserved 
among DNA cytosine methylases result in a variety of phenotypes. Nucleic Acids 
Research 20: 319-326. 
Xie S, Wang Z, Okano M, Nogami M, Li Y, He W-W, Okumura K and Li E. 1999. Cloning, 
expression and chromosome locations of the human DNMT3 gene family. Gene 236: 87-
95. 
Xu G-L, Bestor TH, Bourc'his D, Hsieh C-L. Tommerup N, Bugge M, Hulten M, Qu X, 
Russo JJ and Viegas-Pequignot E. 1999. Chromosome instability and immunodeficiency 
syndrome caused by mutations in a DNA methyltransferase gene. Nature 402: 187-191. 
Xu S, Xiao J, Posfai J, Maunus Rand Benner J. 1997. Cloning of the BssHII restriction-
modification system in Escherichia coli: BssHII methyltransferase contains circularly 
permuted cytosine-5 methyltransferase motifs. Nucleic Acids Research 25: 3991-3994. 
Yen R-WC, Vertino PM, Nelkin BO, Yu JJ, EI-Deiry W, Cumaraswamy A, Lennon GG, 
Trask BJ, Celano P and Baylin SB. 1992. Isolation and characterization of the cDNA 
encoding human DNA methyltransferase. Nucleic Acids Research 20: 2287-2291. 
Yoder JA and Bestor TH. 1996. Genetic analysis of genomic methylation patterns in plants 
and mammals. Biological Chemistry 377: 605-610. 
Yoder JA and Bestor TH. 1998. A candidate mammalian DNA methyltransferase related to 
pmt1 p of fission yeast. Human Molecular Genetics 7: 279-284. 
Yoder JA, Soman NS, Verdine GL and Bestor TH. 1997. DNA (cytosine-5)-
methyltransferases in mouse cells and tissues. Studies with a mechanism-based probe. 
Journal of Molecular Biology 270: 385-395. 
Yoder JA, Walsh CP and Bestor TH. 1997. Cytosine methylation and the ecology of 
intragenomic parasites. Trends in Genetics 13: 335-340. 
Yoshida N, Yanai Y, Chen L, Kato Y, Hiratsuka J, Miwa T, Sung ZR and Takahashi S. 
2001. EMBRYONIC FLOWER 2, a novel Polycomb group protein homolog, mediates 
shoot development and flowering in Arabidopsis. The Plant Ce// 13: 2471-2481. 
Yu H, Xu Y, Tan EL and Kumar PP. 2002. AGAMOUS-LIKE 24, a dosage-dependent 
mediator of the flowering signals. Proceedings of the National Academy of Sciences of the 
USA 99: 16336-16341. 
Zeevaart JAD. 1983. Gibberellins and flowering. In Crozier A (ed) The Biochemistry and 
Physiology of Gibberellins. Praeger, NY. 
Zhang H and van Nocker S. 2002. The VERNALIZA TION INDEPENDENCE 4 gene 
encodes a novel regulator of FLOWERING LOCUS C. The Plant Journal 31 : 663-673. 
185 
